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Abstract

APOBEC3H (A3H) is the most polymorphic member in the APOBEC3 family. Seven haplotypes 

(hap I–VII) and four mRNA splicing variants (SV) of A3H have been identified. The various 

haplotypes differ in anti-HIV activity, which is attributed to differences in protein stability, sub-

cellular distribution, and/or RNA binding and virion packaging. Here we report the first 

comparative biochemical studies of all the A3H variants using highly purified proteins. We show 

that all haplotypes were stably expressed and could be purified to homogeneity by E. coli 
expression. Surprisingly, four out of the seven haplotypes showed high cytosine (C) deaminase 

activity, with hap V displaying extremely high activity that was comparable to the highly active 

A3A. Furthermore, all four haplotypes that were active in C deamination were also highly active 

on methylcytosine (mC), with hap II displaying almost equal deamination efficiency on both. The 

deamination activity of these A3H variants correlates well with their reported anti-HIV activity for 

the different haplotypes, suggesting that deaminase activity may be an important factor in 

determining their respective anti-HIV activities. Moreover, mC deamination of A3H displayed a 

strong preference for the sequence motif of T-mCpG-C/G, which may suggest a potential role in 

genomic mC modification at the characteristic “CpG” island motif.
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Introduction

The seven APOBEC3 (A3) family members of DNA cytosine deaminases, which are 

clustered on human chromosome 22 (reviewed in(1) and references therein), play a 

defensive role against endogenous retroelements and infectious retroviruses (2–6). A3H is 

the most divergent member of the A3 family, containing a Z3 Zn-coordination domain that is 

phylogenetically distinct from the Z1- and Z2-type domains of other A3 proteins (7,8). A3H 

is also the most polymorphic of the A3 family (7–9); A3H mRNA can undergo alternative 

splicing to generate four splicing variants (SVs) (Fig. 1A): SV154, SV182, SV183, and 

SV200 (4,10,11), and seven distinct human A3H haplotypes (hap I–VII) have been 

identified, which are comprised of various combinations of five single nucleotide 

polymorphisms (Fig. 1B, 1C) (4,10,11).

Evidence indicates that the seven A3H haplotypes possess different anti-viral activities. Only 

hap II, hap V, and hap VII are reported to effectively restrict Vif-deficient HIV-1 (4,10–12), 

and previous literature suggests that the anti-HIV activity of A3H can be through both 

deaminase dependent and independent pathways (10,13). Previous studies indicate that the 

different anti-HIV activities of A3H variants can be attributed to the following factors: 

variation in protein stability of the haplotypes (4,14–16), different subcellular localizations 

(17,18), different binding affinities to RNA (18) and relative levels of virion packaging (12). 

Additionally, A3H has been shown to be found in different oligomeric forms, and it can 

oligomerize in cells (16,19,20).
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The distribution of A3H haplotypes in the human population is correlated with geographical 

location (4,10). Evidence indicates that the more stable A3H haplotypes can suppress HIV 

replication effectively enough to delay infection (21), and a higher frequency of the highly 

active and stable hap II is present in Africa, possibly a result of the long term presence of the 

HIV viral pathogen endogenous to the region (4,22–24). On the other hand, a majority of 

people of non-African descent carry A3H alleles for an inactive form of the A3H haplotypes, 

and variants of Vif extracted from HIV-1 strains infecting these populations are less effective 

at degrading stable A3H alleles prior to adaptation (4,10,15,21). In fact, it was shown that 

adaptive changes in viral Vif sequences could be attributed to the absence or presence of the 

different antiviral A3H haplotypes (15,20,21,24–27). These observations provide strong 

evidence for a significant role of A3H in immune defense against HIV infection.

So far, three APOBEC members, A3A, A3B and AID, have also been shown to deaminate 

methylated C (mC), with A3A showing the strongest activity (28–31). While the cellular 

functions of mC deamination for A3A and A3B have not been fully explained, the mC 

deamination activity associated with AID has been proposed as an alternative demethylation 

pathway for regulating methylation patterns in mouse germ cells (32), and for cell 

reprogramming in inducing pluripotent stem cells (33,34). To date, no other APOBEC 

protein outside of these three APOBEC members (A3A, A3B and AID) have been shown to 

have significant levels of mC deamination activity.

Despite mounting studies on the different variants of A3H, there is currently no complete 

systematic study comparing the deamination and DNA substrate binding activities of all the 

naturally occurring A3H variants. It is also unknown whether A3H can deaminate mC. Here 

we have described the expression and purification of all seven A3H haplotypes and four SVs 

in an E. coli expression system. We have performed systematic comprehensive biochemical 

studies of these variants and show that four haplotypes of A3H (I, II, V, VII) displayed high 

activity on both C and mC substrates, even though significant differences in overall activity 

levels exist among these variants. Surprisingly, mC deamination activity of hap II, the 

highest among all haplotypes, is comparable to normal cytosine deamination by the same 

variant. This side-by-side biochemical study of the haplotypes of A3H reveals that 

deaminase activity correlates well with their differential anti-HIV activity shown by previous 

cellular studies. Furthermore, the highly active mC deamination ability of A3H on motifs 

containing -mCpG- suggests the possibility of modifying mC in CpG islands of the genome 

in multiple cell types that express A3H.

Results

Comparing the deamination activity of the four SVs and seven haplotypes

The four A3H SVs (SV154, SV182, SV183 and SV200) vary in their C-terminal extension 

(Fig. 1A). We cloned and purified recombinant proteins of the four SVs of A3H haplotype I 

(hap I) from E. coli, and SDS-PAGE analysis of the purified A3H variants showed the 

isolated A3H proteins contained little to no detectable contaminating proteins (Supplemental 

Fig. 1A, 1B). The purified A3H proteins were assayed for deaminase activity using a FAM 

labeled 30 base oligonucleotide containing the known preferred sequence motif (5′-

TCA-3′). The result showed that the shortest SV154 had no activity, but SV182, SV183 and 
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SV200 all showed strong deaminase activity (Fig. 2A). Interestingly, the deaminase activity 

of SV200 was about 1.5 fold lower than SV182/SV183, suggesting that the additional C-

terminal residues of SV200 somehow had an inhibitory effect on deaminase activity.

We also examined the deaminase activity of all seven haplotypes (hap I-VII) using splicing 

variant SV182 of A3H (Fig. 1B). SDS-PAGE analysis revealed that the purified proteins for 

A3H hap I-VII consisted of essentially one major band free of any major contaminating 

proteins (Supplemental Fig. 1A), indicating that all seven haplotypes were stably expressed 

and soluble. The subsequent deamination assay revealed that four out of the seven 

haplotypes, specifically hap I, II, V and VII, were highly active in terms of C deamination 

(Fig. 2B). Among them, hap V had the highest deaminase activity, with a measured value of 

36,986 nM/μM/hour, which approximated that of A3A – generally regarded as the most 

active in the family (28,31,35–37). Hap II and VII were about 1.7 times less active, and hap I 

was about 17 times less active than hap V. We also could not detect any deaminase activity 

for hap III, IV and VI, even at protein concentrations as high as 10 μM. A construct with the 

catalytically inactive mutation at E56A of hap II was used as a negative control for this 

deaminase assay (Fig. 2C). One common feature of the three inactive haplotypes is that they 

all contained the N15 deletion (ΔN15, Fig. 1B, 1C), indicating that this N15 deletion is 

sufficient to abolish deaminase activity, as noted previously by Zhen at al. (27).

In order to test whether each of these haplotypes had similar binding affinities for the 

ssDNA substrate, we performed a DNA binding assay using the same 30 nt ssDNA substrate 

used in the deaminase assay. The data revealed that all active and inactive haplotypes had 

similar binding affinities, with apparent Kd values within the range of 219–373 nM (Fig. 

2E), suggesting that the difference in deaminase activity between the seven haplotypes was 

not caused by different binding affinities for ssDNA substrates. Therefore, the deaminase 

activity differences are likely caused by other features that are associated with the amino 

acid differences at the five different haplotype positions (Fig. 1B).

Evaluation of contribution of different haplotype residues to deaminase activity

Among the haplotype mutation positions (15, 18, 105, 121, and 178) of A3H, position 15 is 

N (N15, or ΔN15 in the three non-active haplotypes) as is the immediately previous position 

(N14) (Fig. 1A–C, Fig. 3A). By aligning the sequences of all human APOBEC domains, it is 

clear that N15 is absolutely conserved in both the inactive and active human APOBECs. 

However, residue 14 normally diverges into two categories: either an N/K14 for all active 

APOBECs (Fig. 3A), or an R/E/Y14 for all inactive APOBECs (Fig. 3A, Supplemental Fig. 

2). We wanted to investigate how mutations at N14 and N15 would impact the deaminase 

activity of A3H. Results showed that in A3H hap II, N14 can be replaced with K14 without 

losing the wild-type level of activity (Fig. 3B). However, a mutation of N14 to R, E, or Y 

resulted in much lower activity (Fig. 3B), confirming that the type of residue is indeed 

important at position 14. The N14R mutant showing low activity is consistent with similar 

observations for A3A: the gene for an A3A equivalent in dogs and pandas has an R at the 

14th position on loop-1, while A3A from tamarin has a T at the 14th position; the activity of 

these A3A orthologs are about half of those from human or horse, which have an R at the 

14th position on loop-1 (38). These results are also consistent with previous findings that 
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loop-1 of A3A is important for its high deaminase activity (31,36,37). As for N15, since all 

three N15 deletion haplotypes (Fig. 1B) have no detectible A3H deaminase activity (Fig. 

2B), we tested the effect on deamination activity of a mutation to alanine at that site. The 

result indicated that N15A had no detectible deaminase activity (Fig. 3B). A structural 

model of A3H showed that N15 is between helix-1 and loop-1 and interacts with helix-6 to 

provide stability for loop-1 around the active center (Fig. 1C). Thus, an N15 deletion or 

N15A mutation probably alters the loop-1 conformation around the active center in a subtle 

way that doesn’t cause obvious loss of substrate binding affinity, but is sufficient to disturb 

the orientation of the target C/mC bound at the pocket enough to abolish deamination.

We also examined the residues at the three remaining positions that vary between the 

haplotypes, residues 105, 121, and 178 (Fig. 1B), with various amino acid combinations 

differentiating the four catalytically active hap I, II, V, and VII (Fig. 2B). A3H hap I and II 

differ the most at these three positions: with G105K121E178 for hap I, and R105D121D178 for 

hap II (Fig. 3C, boxed). Other haplotypes have varying combinations of these six residues. 

Because none of these three locations are around the active center (Fig. 1C), or expected to 

directly affect catalysis, and given that the purified proteins of these four haplotypes are all 

soluble and stable, it is puzzling why these amino acid variations lead to different 

deamination efficiencies in our assay.

In order to evaluate the contribution of each of the three haplotype residues on deaminase 

activity, we generated six step-wise mutations (M1-M6, Fig. 3C) between hap I (at the top) 

to hap II (at the bottom). Among them, mutants M1–M3 contained a single point mutation, 

and M4–M6 contained combined double mutations. The mutant M1 clone was equivalent to 

hap VII, and M4 was equivalent to hap V (Fig. 3C). Compared with A3H hap I, M2 and M3 

showed a minor increase in deaminase activity (Fig. 3D), whereas the M1 (G105R) mutant 

showed a striking increase. This activity of M1 is comparable to that of hap II and hap VII 

(Fig. 2B, Fig. 3D), suggesting that, among the three haplotype positions, an arginine at 105 

has the most impact on overall deamination activity. Among the combined double mutants, 

M4 (M1+M2, or G105R+K121D) had a further 54% increase in activity than the M1 

(G105R) single mutation (Fig. 3D), suggesting that position D121 co-operates positively 

with R105 to enhance the deaminase activity. However, M6 (M1+M3, or G105R+E178D) 

had a ~40% reduction in activity compared to the M1 (G105R) mutation (Fig. 3D), 

suggesting that position D178 co-operates negatively with R105 to attenuate the activity. 

The negative impact of D178 (vs E178) is also consistent with the activity levels of hap II 

(with D178) and hap V (with E178), which differ only at this position (Fig. 3D). These 

additional mutational studies verified that the amino acid types at these three haplotype 

positions are indeed sufficient to alter the deaminase activity, but without obvious difference 

of measurable binding affinity for ssDNA substrates.

A3H haplotypes are highly active in assays for mC deamination

Previous work has not shown whether A3H can deaminate mC. We examined deaminase 

activity on the same 30 nt oligonucleotide substrate except with the target C on the 

trinucleotide motif TCA switched to mC. We first tested for mC deamination using the four 

SVs of hap I. The result clearly showed that the three SVs showing C deamination activity 
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were all similarly highly active in terms of mC deamination (Fig. 4A). We then examined 

the mC deamination activity for all seven haplotypes of A3H SV182. The results showed 

that all four haplotypes that were active on C also efficiently deaminated mC (Fig. 4B). 

Interestingly, unlike the C deamination activity where hap V is the most active, the one with 

the highest mC deamination activity is hap II, with about four times more activity on mC 

deamination than hap V.

In order to evaluate the relative deamination activity on mC vs C, we calculated the 

selectivity factor for mC deamination as described in Fu et al.(31), by dividing the mC 

activity by the C activity and multiplying by 100. Previously, as a comparative benchmark, 

we showed that A3A has a selectivity factor of 12.7 for mC deamination, which is 6-fold 

higher than both A3B and the reported activity for AID (29,31). Here, we show that different 

A3H variants had different selectivity factors for mC deamination (Table 1), with most 

having a mC selectivity factor value around 12–15, on par with the highly active A3A (31). 

However, hap II had a remarkable mC selectivity factor of 85, indicating almost equal 

efficiency for both mC and C deamination. Hap VII also showed a mC selectivity factor of 

28 (Table 1). These results clearly showed that A3H hap II had a higher mC selectivity 

factor than any other APOBEC characterized to date.

A trinucleotide sequence of TCA is the preferred motif for normal C deamination by A3H 

(7,11,13,14,22). We examined the substrate motif preference for mC deamination using A3H 

hap II on a 30 nt ssDNA containing the following motifs: TmCA, TmCT, TmCG, TmCC, 

AmCA, GmCA and CmCA (Supplemental Table S1). For comparison, these same motifs 

with a corresponding normal C as the target were also included in this assay. The results 

showed that A3H had the highest activity on TmCA/T (Fig. 4C), which is followed by 

TmCG, with the least preferred sequence motifs being AmCA and GmCA. The tri-

nucleotide motif preference for normal C deamination is similar but not identical to that of 

mC deamination (Fig. 4D). Generally speaking, normal C deamination appears to be less 

discriminating for the third residue of the tri-nucleotide motifs.

A3H efficiently deaminates mC in the context of CpG

As shown in Fig. 4C, A3H hap II efficiently deaminates mC to T in the sequence motif 

TmCG, which is over two orders of magnitude higher than for AID and A3B (29–31). 

Considering that A3H expresses in multiple cell types (7,12,39), this raised an interesting 

possibility that A3H may deaminate mC in mCpG islands in order to initiate an alternative 

demethylation pathway of mC (34). To further evaluate the effect of the nucleotide 

immediately 5′ or 3′ of the mCpG with respect to mC-deamination efficiency by A3H, 

FAM 30 nt substrates containing N-mCG-N (N being any nucleotide, Supplemental Table 

S1) were used for a deamination assay with A3H hap II. For comparison, the same 

deamination assay using substrates containing N-CG-N was performed as well. The result 

showed that both the residue immediately before and after the mCpG impacted the mC 

deamination efficiency. The preferred nucleotide upstream of the mCpG motif was T, 

followed by C, with G and A being roughly the least preferred (Fig. 5A). Surprisingly, the 

downstream residue of the T-mCpG motif also showed a significant impact, with G or C 

being the most preferred, followed by A, with T being the least preferred (Fig. 5A). The 
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normal C deamination by hap II showed a very similar trend, with instead a slight preference 

for A residues downstream of CpG, followed by G and C (Fig. 4B).

When the various substrate motifs were tested with A3H hap I, the deaminase activities were 

about 8–25 times lower than those of hap II when comparing the same sequence motif (Fig. 

5, Fig, Supplemental Fig. 3). Additionally, while both hap I and hap II use T as the preferred 

5′ upstream nucleotide in the N-CpG-N or N-mCpG-N motifs, they differ in the preferred 

downstream nucleotide. For example, a downstream A (T-mCpG-A) motif gave the third 

highest activity for hap II (Fig. 5A), but it yielded the highest activity for hap I 

(Supplemental Fig. 3A). For the non-methylated substrate, T-CpG-T showed much less 

deaminase activity than T-CpG-A/G/C for hap II (Fig. 5B), whereas T-CpG-T showed equal 

activity as with T-CpG-A/G/C for hap I (Supplemental Fig. 3B). Taken together, the results 

showed that A3H hap I and II both deaminate mC efficiently in DNA containing any T-

mCpG-N sequence, with hap I having its most preferred motif of T-mCpG-A, and hap II 

having its most preferred motif of T-mCpG-G/C. A3H hap II approximately displayed an 

order of magnitude higher activity than hap I.

Analysis of the oligomeric status of A3H versus deamination activity

All previous A3H activity data gathered as part of this analysis utilized MBP-A3H fusion 

proteins that were eluted directly from the affinity column, which was essentially free of 

contaminating proteins via SDS-PAGE. In order to examine the oligomeric status of the 

purified MBP-A3H proteins, we selectively analyzed the purified protein of two 

representative A3H haplotypes: hap II as an example of one showing high activity, and hap 

III as an inactive comparison. A combination of size exclusion chromatography (SEC) and 

multi-angle light scattering (MALS) was the primary method of analysis. SEC revealed that 

the active hap II and the inactive hap III have similar oligomeric forms in vitro, with a large 

oligomeric form (larger than 880 kDa) and a small dimer/monomer form (around 100 kDa) 

(Fig. 6A-B). Subsequent MALS experiments on the samples isolated from the two peaks 

showed that the larger peak had a molecular weight (Mwt) of 982 kDa (Fig. 6C), which 

corresponds to the Mwt of an oligomer form of more than 14 subunits, whereas the smaller 

peak had a Mwt of 106 kDa (Fig. 6D), which is somewhere between a monomeric and a 

dimeric form. Interestingly, a side-by-side deaminase assay of the two oligomer forms of 

hap II revealed that the larger oligomeric form is over two times more active than the dimer/

monomer species in both C- and mC deamination (Fig. 6E), which suggests that A3H can 

oligomerize into multiple copy oligomer forms and that oligomerization may enhance the 

deaminase activity.

Discussion

Here we described the biochemical characterization of all known SVs and haplotypes of 

A3H using recombinant proteins purified from E. coli. We showed that all variants of A3H 

can be stably expressed as soluble proteins and can be purified in large quantity. Three of the 

four SVs of A3H (SV200, SV183, SV182) are active in deaminating both C and mC. Even 

though hap I, II, V, and VII all show significant deamination activity on both C and mC, 

there is a difference between how each one favors the two substrates. It was found that on C 
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substrates hap V showed the most activity, followed by VII, II and I in that order, with hap I 

having about over 10 fold lower activity than other three active haplotypes (Fig. 2B). On the 

other hand, for mC deamination, the order was found to instead be hap II, VII, V, and I, with 

hap I showing about 30–120 fold lower activity the other three haplotypes (Fig. 4B). The 

only other APOBEC previously known to have as high of a deaminase activity as A3H hap 

II, V, or VII is A3A. However, the relative activity of mC deamination over C deamination 

reached ~85% for A3H hap II (a mC selectivity factor of 85), which is far greater than the 

~10–12% reported for A3A on the same preferred substrate motif TCA/TmCA (28,31), 

making A3H the sole APOBEC member to date that possesses a uniquely high selectivity 

factor for mC deamination. We also showed that ssDNA substrate binding affinity for all 

seven haplotypes were similar to each other, ruling out DNA binding affinity as the major 

reason for the observed difference in deaminase activity.

Different A3H variants are distributed globally in distinct human populations, possibly 

driven by specific selection pressures imposed on humans in different geographic areas. 

A3H hap II, III and IV are found more frequently in those of African descent, whereas hap I 

is more frequent in Asian and European ethnic groups (4,7,11,18,22,27), which may reflect 

the natural history of anti-HIV activity and perhaps some other biological functions of 

different A3H variants. The seven known haplotypes of A3H differ in their antiviral 

activities (10,22), and such different anti-viral activities are reported to be related to different 

factors, which include different protein stability for different haplotypes (4,10–13,15), 

difference in oligomerization, RNA binding and virion packaging (12,13,18,19), and 

different sub-cellular localization (17).

The fact that all seven haplotypes can be stably expressed and purified away from 

contaminating proteins, and are stable at high protein concentrations after over-expression in 

E. coli cells suggests that they have similar solubilities; all were found to be soluble up to 10 

mg/ml. Significantly, all seven haplotypes were shown to have comparable ssDNA binding 

affinity (Fig. 2E). Furthermore, size exclusion chromatography analysis of purified MBP-

A3H showed that the active hap II and the inactive hap III have similar oligomeric forms in 
vitro, with a large Mwt peak containing multiple oligomeric forms and a small Mwt peak 

that contained a dimer or monomer form (Fig. 6A–D). Interestingly, a side-by-side 

deaminase assay showed that the large oligomeric form of A3H hap II was over two times 

more active than the dimer/monomer species in both C- and mC deamination (Fig. 6E). 

Previous studies showed that A3H oligomerization can occur in cells and is important for 

nucleic acid binding, virion packaging and anti-HIV activity (13,16,18–20). The result 

shown here also suggests that oligomerization may enhance the deaminase activity, which 

provides further support for the reported role of oligomerization in anti-HIV activity.

Even though all seven haplotypes of A3H were stably expressed and purified from E. coli, 
previous studies indicated that hap I, III, IV, and VI of A3H are instable in mammalian cells, 

which suggest that mammalian cells may have mechanisms to regulate the rapid turnover of 

these A3H haplotypes. In this study, we showed that the three A3H haplotypes with anti-

HIV activity (II, V, VII) possess high deaminase activity, and the other three A3H 

haplotypes without anti-HIV activity (III, IV, VI) have no deaminase activity, which suggests 

the significance of deamination with regards to HIV restriction. The outlier is hap I, as it was 

Gu et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2017 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown to have poor anti-HIV activity in a cell culture assay (10,11,17,18,27) despite 

showing slightly stronger deamination activity than the potent HIV restriction factors A3G 

and A3F (28,40–42).This implies that factors other than deamination activity are likely 

playing a role in the anti-HIV activity of A3H hap I. It was previously reported that A3H 

hap I was mostly distributed in the nucleus (17,18), which may reduce its opportunity to 

restrict HIV in the cytoplasm. Therefore, while deaminase activity of the different 

haplotypes of A3H correlates well with their anti-HIV activity, it appears that other factors 

in the cellular environment (i.e. subcellular localization, stability, or perhaps virion 

packaging) play a role in determining the levels of anti-HIV activities of A3H variants.

Here we demonstrated for the first time that A3H hap I, II, V, and VII are highly active in 

mC deamination. While the full biological implications of mC deamination by A3H require 

future investigation, the mC deamination of AID is reported to be associated with the 

demethylation of mC and epigenetic regulation (32–34). We show that A3H efficiently 

deaminates the mC in the motif sequence of T-mCpG-C/G, raising the possibility of 

modifying genomic mC at mCpG islands through an alternative demethylation pathway by 

A3H (34). Because methylation and demethylation of the C/mC at CpG islands play an 

important role in epigenetics of gene regulation in cell growth, differentiation, and 

development, it would be interesting to see whether mC deamination of A3H has such a role 

in epigenetic regulation. This is especially intriguing given that A3H is expressed in multiple 

cell types, and has nuclear partitioning for different variants (7,12,17,39). Meanwhile, the 

unregulated mC deamination could also be involved with abnormal gene expression and cell 

growth, leading to diseases such as cancer. Indeed, evidence suggests that the activity of 

A3H, as well as the other members of the family that are capable of deaminating mC (A3A, 

A3B, and AID) may have a link to cancer formation (43–48), which implicates the important 

role of mC modification by APOBECs in biological functions as well as diseases.

Materials and methods

Construct of A3H variants

Genes encoding the seven haplotypes of A3H and splicing variants were synthesized as 

codon optimized sequences for E. coli expression and cloned into a pMAL-c5X Vector 

(NEB) using BamH I and Hind III restriction sites for expression in E. coli as MBP-fusion 

proteins. To construct the inactive mutant (E56A) and the mutants with single or combined 

mutations at different haplotype positions, the quick change site-directed mutagenesis kit 

(Agilent) was used. It was confirmed that all clones contained the desired coding sequences 

for the different A3H constructs by DNA sequencing.

Purification of A3H variants

The protein expression of various A3H constructs in the aforementioned pMAL-A3H 

plasmid in E. coli cells was performed by adding 0.3 mM IPTG to 1 liter of cell culture in 

LB media when the OD600 reached ~0.5, with subsequent incubation with shaking at 200 

rpm at 16 °C for 12 hours. Cells were collected and lysed by extensive sonication in lysis 

buffer L (20 mM HEPES, pH 7.5, 250 mM NaCl, 1 mM EDTA, 10 mM DTT, 0.1 μg/μl 

RNase A). The cell lysate was centrifuged at 12,000 rpm for 30 min, and the supernatant 
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was collected. The supernatant was treated with 2.0 M Urea for 3 hours at room temperature, 

which dissociated the contaminating E. coli GroEL from the MBP-A3H fusion protein 

(49,50). The Urea treated supernatant was then dialyzed against lysis buffer overnight at 

4 °C with two buffer exchanges at 3 hour intervals, in order to get rid of residual urea. The 

dialyzed solution was centrifuged again, and the supernatant was passed through a column 

containing 10 ml of amylose resin (NEB). After extensive washing with 20× the column 

volume of buffer W (20 mM HEPES (pH 7.5), 250 mM NaCl, 10 mM DTT, 0.1 μg/μl RNase 

A), the A3H proteins were eluted as an MBP fusion with elution buffer (20 mM HEPES (pH 

7.5), 250 mM NaCl, 10 mM DTT, 20 mM maltose). The eluted protein was then 

concentrated to ~10–20 mg/ml in buffer C (20 mM HEPES, 350 mM NaCl, 10 mM DTT). 

Finally, the concentrated MBP-A3H fusion proteins were confirmed and quantified by 

Edman N-terminal sequencing and UV spectrometry, followed by visualization via SDS-

PAGE (Supplemental Fig. 1). The purified proteins were stored as 20 μl aliquots at −80° C 

for activity assays.

Deamination assay

The deamination assay of A3H variants was carried out as described by Fu et al with minor 

modification (31). In brief, A3H protein was treated with 1mM of EDTA in a 50-μl tube on 

ice for 10 min prior to performing the assay to inhibit possible contaminations. The 30-nt 

oligonucleotides which contained normal C or methylated C in the context of various 

sequence motifs were labeled with FAM at the 5′- or 3′- end and used as substrates in this 

study (Supplemental Table S1). 9 μl of reaction buffer (20 mM HEPES (pH7.5), 100mM 

NaCl, 600 nM ssDNA substrate, 1 mM CaCl2, 0.1 μg/μl RNaseA, 1 mM DTT) and 1 μl of 

A3H protein at different concentrations were mixed and incubated for 1 hour at 37 °C. With 

the normal C substrates, after denaturing at 95 °C for 5min, E. coli uracil DNA glycosylase 

was added and incubated at 37 °C for 1 hour for the deamination stage. For methylated C 

deamination, both thymine DNA glycosylase and a complementary oligonucleotide were 

added and incubated at 42 °C for 10 hour. Site-specific cleavage was then generated by 

introducing 150 mM of NaOH and incubation continued for 10 min at 95 °C. Eventually, the 

reaction mixture was separated on a 20% PAGE-urea gel and visualized with a laser scanner 

(Bio-Rad). The density of substrate and product in each reaction was determined using the 

ImageJ software (51). The percentage of product was calculated by dividing the density of 

the deaminated substrate by the total density of the deaminated and unmodified substrates, 

and multiplying by 100. The amount of product in each reaction was then calculated by 

multiplying the starting concentration of substrate by this percentage. The specific velocity 

of A3H variants was defined as nM/ μM/hour (nM product per μM A3H per hour), which 

was calculated by linear regression using the data from the linear range of A3H 

concentration. The data represent the results of three independent experiments.

Steady-state rotational-anisotropy binding assay

A3H-ssDNA binding was monitored by changes in steady state fluorescence depolarization 

(rotational-anisotropy). 130 μl reaction mixtures, containing 50nM 3′ FAM-labeled 30 nt 

ssDNA substrate in binding buffer (20 mM HEPES pH 7.0, 25 mM NaCl and 1 mM DTT) 

and with a varying concentration of 0 to 1,890 nM A3H (hap I to VII), were incubated at 

25 °C. Rotational anisotropy was measured using a QuantaMaster QM-1 fluorometer 
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(Photon Technology International) with a single emission channel. Samples were excited 

with vertically polarized light at 490nm and both vertical and horizontal emission was 

monitored at 520 nm. Based on the anisotropy value of each reaction, a protein 

concentration-dependent ssDNA binding curve was fitted with the “one site specific 

binding” model from Prism 6, and the dissociation constant (Kd) of each protein under the 

experimental condition was calculated with the same software.

Homology modeling of A3H structure

Generation of an A3H structural model was completed using the Rosetta3.5 software suite 

(52). A general homology model was first generated by the included threading algorithm for 

comparative modeling (53), using the previously solved A3C crystal structure(3) as the 

template PDB (PDB ID 3VOW). The input alignment of A3H and A3C was determined 

through the HHpred interactive alignment software (54), and 9-mer and 3-mer fragment files 

for A3H were generated with the online ROBETTA fragment server (55). A total of 1000 

comparative structures were generated, with the lowest energy structure selected for further 

refinement. A further refinement of the loop regions was completed with the Rosetta loop 

modeling application, through the use of kinematic closure with fragments (56). Bounded 

and harmonic constraints were incorporated in order to maintain the zinc ion coordination 

interactions throughout the centroid and full-atom refinement stages, respectively. A total of 

50 additional structures were generated and the lowest energy structure was determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Purified the proteins of all four splicing variants (SVs) and seven haplotypes 

(Hap I–VII) of A3H in large quantity from E. coli expression system.

• Showed that three of the four SVs and three haplotypes (hap II, V, VII) all 

have very high deamination activity on C, with hap I showing ~1/10 of the 

activities of other three haplotypes.

• Revealed that, for A3H hap II, the deamination activity on mC is almost as 

efficient as on C for the DNA substrates containing -mCpG- or -CpG- motif.

• Showed that the deaminase activity of different A3H variants correlates well 

with their reported anti-HIV activity, indicating the importance of deaminase 

activity for HIV restriction.
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Fig. 1. The splicing variants (SVs) and haplotypes of A3H
(A) Schematic overview of the four splicing variants based on haplotype I (hap I), with 

varying C-terminal extension. (B) The sequence variation of the seven haplotypes at the 

haplotype position 15, 18, 105, 121, and 178 based on SV182. The position 14 (colored in 

red), a conserved N in all A3H variants, is also shown. The reported stability inside cells and 

the anti-HIV activity for each haplotypes are listed on the right side based on literature. The 

weak anti-HIV activity of hap I is reported based on cell culture studies (10,11,17,18,27). 

(C) Two views of a modeled A3H hap II structure based on A3C (PDB ID 3VOW), which, 

like several previously published A3H models (13,18,57), shares the same core fold with all 

the known APOBEC structures. The locations of the haplotype residues (in sticks) are 

mapped to the modeled A3H structure. N15 at the end of helix 1 (h1) is buried, while its 

neighboring residue N14 is exposed. The R105 is on δ4, the opposite side of h2, h3 and h4. 

D121 is at the beginning of h4, and D178 is near the end of h6.
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Figure 2. Deaminase activity of A3H splicing variants (SV) and haplotypes
(A) The comparison of the deaminase activity on C (TCA motif) of the four SVs from A3H 

hap I. (B) The comparison of deaminase activity on C (TCA motif) of the seven haplotypes 

(hap I–VII) from A3H SV182, with hap V having the highest activity. (C, D) Representative 

gel result of deamination assay of hap II of A3H SV182 and its inactive mutant E56A 

(panel-C), and the dose response curve of its deaminase activity (in panel-D). Inset: the 

slope was calculated by linear regression using data from liner range. (E) The result of a 

ssDNA (30 nt) binding assay, showing no significant differences in ssDNA binding affinity 

for all seven haplotypes. The apparent Kd values for hap I–VII are listed on the right side. 

The error bars in panel-E represent the Standard Error of the Mean (SEM) in three 

independent experiments (see methods). * indicates hap III, IV, and VI that are inactive for 

deamination and for anti-HIV activity in panel-E.
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Figure 3. 
Mutational study to evaluate the effects of amino acids from the haplotypes on deaminase 

activity. (A) The sequence alignment at the residue number 14 and 15 of A3H with the 

active APOBEC domains and the inactive APOBEC domains. (B) The comparison of the 

deaminase activities of A3H mutants with substitutions at N14 and N15. The result indicates 

that position 14 with N14/K14 shows activity, but having the other three residues was about 

10 times less active. For position 15, N15A mutation resulted in a complete loss of activity, 

similar to the ΔN15 mutant in hap III, IV, and VI. (C) Schematic overview showing the 

sequences at the haplotype residue position 105, 121 and 178 for hap I (first sequence) and 

hap II (last sequence), and the different combinations of mutations evolving from hap I to 

hap II. (D) The comparison of the deaminase activities of the different combination mutants 

are shown in panel-C. Error bars represent s.d. from the mean of three independent 

replicates.
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Figure 4. 
Highly active mC deaminase activity of A3H. (A) The deaminase activity on mC (TmCA 

motif) by the four different A3H SVs of hap I. Error bars represent s.d. from the mean of 

three independent replicates. (B) The deaminase activity on mC (TmCA motif) by the seven 

A3H haplotypes I–VII, with hap II having the highest activity. (C, D) The tri-nucleotide 

motif preference for mC (panel-C) and C (panel-D) deaminase activity by A3H hap II. Error 

bars represent s.d. from the mean of three independent replicates.
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Figure 5. 
Examination of nucleotide sequence effect for deaminase using DNA substrate containing 

N-CpG-N or N-mCpG-N (the underlined C and mC are deamination target residue, and N 

being any nucleotide). (A) The deaminase activity of A3H hap II on the N-mC pG-N 

substrates, showing that T-mCpG-C/G are the best substrate. Error bars represent s.d. from 

the mean of three independent replicates. (B) The deaminase activity of A3H hap II on the 

N-CpG-N containing substrates, showing that T-CpG-C/G/A are the best substrates than 

others.
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Figure 6. 
Analysis of the oligomeric status of MBP-A3H hap II and hap III. (A, B) The elusion 

profiles of A3H hap II (panel A) and hap III (panel B) on Superose 6 size exclusion 

chromatography. Both haplotypes showed very similar profile, with two major elution peaks. 

The positions of the molecular markers 880kD (ferritin dimer) and 215kD (catalase) are 

indicated in the elusion profiles. The calculated molecular weight of monomeric MBP-A3H 

fusion is 63 kDa. (C, D) The multi-angle light scattering (MALS) analysis of the MBP-A3H 

hap II protein from peak 1 (panel C) and peak 2 (panel D) shown in panel A. Peak 1 has a 

major species of ~982 kDa, corresponding to 14–15 monomers, but the broad peak suggests 

that it should not be a single oligomer form, and rather should contain multiple species of 

oligomer forms. Peak 2 has a major species of ~106 kDa, which is slightly smaller than a 

dimer form, but larger than a monomer form. Presence of the 106 kDa species suggests that 

dimers and monomers may co-exist and equilibrate, i.e. monomers and dimers may associate 

and dissociate quickly to give an averaged behavior. (E) The side-by-side deaminase activity 

comparison between the oligomeric (peak 1 in panel A), dimeric/monomeric (peak 2 in 

panel A) of MBP-A3H hap II, and A3A. The oligomeric form has about 2 times higher 

deaminase activity than the dimer/monomer form. Error bars represent s.d. from the mean of 

three independent replicates.
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