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Catalytic Domain: Structural Basis for Substrate Binding and 
DNA Deaminase Activity
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Judith G. Levin§,*, and Angela M. Gronenborn†,‡,*

†Department of Structural Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA 
15260, United States

‡Pittsburgh Center for HIV Protein Interactions, University of Pittsburgh School of Medicine, 
Pittsburgh, PA 15260, United States

§Section on Viral Gene Regulation, Program in Genomics of Differentiation, Eunice Kennedy 
Shriver National Institute of Child Health and Human Development, National Institutes of Health, 
Bethesda, MD 20892, United States

Abstract

Human APOBEC3B (A3B) is a member of the APOBEC3 (A3) family of cytidine deaminases, 

which function as DNA mutators and restrict viral pathogens and endogenous retrotransposons. 

Recently, A3B was identified as a major source of genetic heterogeneity in several human cancers. 

Here, we determined the solution NMR structure of the catalytically active C-terminal domain 

(CTD) of A3B and performed detailed analyses of its deaminase activity. The core of the structure 

comprises a central five-stranded β-sheet with six surrounding helices, common to all A3 proteins. 

The structural fold is most similar to that of A3A and A3G-CTD, with the most prominent 

difference found in loop 1. The catalytic activity of A3B-CTD is ~15-fold less than that of A3A, 

although both exhibit similar pH dependence. Interestingly, A3B-CTD with an A3A loop 1 

substitution had significantly increased deaminase activity, while a single residue change (H29R) 

in A3A loop 1 reduced A3A activity to the level seen with A3B-CTD. This establishes that loop 1 

plays an important role in A3-catalyzed deamination by precisely positioning the deamination-

targeted C into the active site. Overall, our data provide important insights into the determinants 

for the activities of individual A3 proteins and facilitate understanding of their biological function.
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 Introduction

In humans, there are seven members of the APOBEC3 (A3) family of proteins, which 

deaminate deoxycytidine (dC) to deoxyuridine (dU) in single-stranded (ss) DNA substrates 

and function as DNA mutators1–7 (reviewed in refs.8–11). These proteins play an important 

role in the innate immune response to human pathogens by restricting exogenous viruses 

such as human immunodeficiency virus type 1 (HIV-1) (reviewed in refs.8,10–16), human T-

lymphotropic leukemia virus type 1 (HTLV-1)17,18, and hepatitis B virus (HBV)19,20, as well 

as endogenous retroelements (reviewed in refs.10,21). A3 proteins are arranged in tandem 

arrays on human chromosome 2222 and contain one (A3A, A3C, A3H) or two (A3B, A3D, 

A3F, A3G) domains that possess characteristic Zn-binding motifs HX1EX23-24CX2-4C 
(with X being any amino acid) (reviewed in refs.9,23). The histidine and cysteine residues 

coordinate the Zn2+ ion, whereas the glutamic acid residue acts as a proton shuttle in the 

deaminase reaction8,24. The Zn-binding motifs have been classified as Z1, Z2, or Z3 type, 

based on phylogenetic analysis and sequence comparison25,26.

A3B possesses properties in common with the other A3 proteins as well as several features 

that are unique. Like A3G, its N- and C-terminal Zn-binding motifs belong to the Z2 and Z1 

classes, respectively26, but the sequence of the A3B Z1 domain is closer to that of A3A than 

with A3G Z127 (Table 1). Although an early report suggested that both domains of A3B are 

catalytically active28, recent data indicate that only the C-terminal domain (CTD) has 

enzymatic activity, similar to A3G29–32. Furthermore, like all other A3 proteins except A3G, 

A3B exhibits a preference for substrates containing the TTCA sequence motif (the catalytic 

C is in bold)27,28,31,33, rather than CCCA, which is the preferred motif for A3G1,4,5,7,34,35.

As shown for A3A36–45, A3B strongly inhibits retrotransposition of endogenous 

retroelements such as LINE-1, Alu, and intracytoplasmic A-type particles27,30,36–40,42,46,47. 

A3B also restricts HBV replication48–50, but there are divergent reports regarding its effect 

on chronic HBV infection51,52. Potent inhibition of HTLV-1 replication by A3B has been 

reported18, although restriction was shown by others to be minimal27 or effective for only a 

very small percentage of genomes53.

At present, it has not been resolved whether A3B mediates HIV-1 restriction or not, and 

substantially different degrees of restriction in cell-based studies, from high40,54–56 to 

modest or insignificant have been reported27,29,34,57–60. In addition, in contrast to all other 

A3 proteins except A3A (61,62; reviewed in refs.8,10–13,15,16,63), A3B restriction is not 

affected by the presence or absence of HIV-1 Vif34,54,57–59. There is also no clear consensus 

regarding A3B’s involvement in HIV-1 restriction in humans64,65, although a recent, 

carefully controlled study60 concluded that HIV-1 risk does not vary with a human 

polymorphism in which the entire 29.5-kb A3B gene is deleted66.

Strikingly, of all the human A3 proteins, A3B is the only one that has a predominant nuclear 

localization27,31,38–40,42,46,67. This raises the possibility that A3B might have access to 

chromosomal DNA and cause mutations or other damage, as was observed for A3A68–70, 

which is partitioned into the nucleus and the cytoplasm in non-myeloid cells36,38,39,71–73. In 

fact, in the last few years several groups who are investigating the nucleotide signatures 
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associated with various cancers found indications for A3-induced mutagenesis in tumor 

genomes74–78. Interestingly, regional clusters of strand-coordinated hypermutation (C>T 

and/or C>G mutations), termed “kataegis” (Greek word for thunderstorm)75, in the context 

of TpC dinucleotides were commonly observed in breast75,78–80 and other cancers76–79,81. 

Although A3A alone is able to induce double-strand DNA breaks69,82–84, both A3A80,81 and 

A3B31,33,70,81,85,86 (also see review in ref.87) contribute to mutational effects in tumor 

genomes. Indeed, based on the available genomic data, it appears that A3B plays a major 

role in carcinogenesis and has limited activity as a restriction factor.

To gain insights into the question of how structure determines the molecular properties of 

A3B, we solved the solution NMR structure of wild-type (WT) A3B-CTD and investigated 

its substrate binding and catalytic activity. A3B-CTD has a structure common to all human 

A3 domains, with the greatest resemblance to the A3A88 and A3G-CTD89,90 structures as 

well as to the X-ray structures of an A3B-CTD solubility-enhanced mutant with four amino 

acid substitutions and deletion of loop 3 (i.e., F200S/W228S/L230K/F308K/Δloop3 

[QMΔL3])91. Differences between A3B-CTD and A3A are noted for loop 1, which is longer 

in A3B-CTD and exhibits a larger degree of conformational plasticity than loop 1 in A3A. 

Under similar pH and buffer conditions, the catalytic activity of A3B-CTD is one order of 

magnitude less than that of A3A. Interestingly, comparison of the in vitro enzymatic activity 

of full-length (FL) A3B and A3B-CTD in mammalian cell extracts, shows an only ~2 – 3-

fold reduction in activity, suggesting that the catalytic activity resides exclusively in the 

A3B-CTD, with the N-terminal domain (NTD) possibly enhancing binding affinity. Given 

A3B’s importance in cancer, elucidation of the A3B-CTD structure and how the details of 

the structure relate to catalytic activity is an essential first step to develop strategies for 

combatting the devastating nature of A3B’s DNA mutator activity.

 MATERIALS AND METHODS

 Construction of clones for expression in mammalian cells and bacteria

The FL WT A3B clone (catalog number 11090), used for 293T cell-based assays, was 

obtained through the AIDS Research and Reference Reagent Program (Division of AIDS, 

NIAID, NIH) from Bryan R. Cullen54. It comprises human pA3B-HA in pcDNA3, 

containing a 1275-bp KpnI/XhoI insert encoding the A3B gene linked to three 3′-terminal 

HA tags. Sequencing of the clone showed that position 62 is a glutamic acid (GAG codon). 

FL A3B E255Q (also referred to as E255Q), a catalytically dead mutant, was constructed in 

the pcDNA3 vector, using the QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent Technologies, Santa Clara, CA). A3B-CTD was constructed by using a 699-bp 

synthetic DNA encoding the 3′ end of A3B, corresponding to amino acid 187 in FL A3B to 

the end of the third 3′ HA tag, that was flanked by ATG (5′) and TAA (3′) codons. KpnI and 

XhoI linkers were inserted at the extreme 5′- and 3′-ends, respectively, for cloning into 

pcDNA3.1(+) (performed by GenScript, Piscataway, NJ). The HiSpeed Plasmid Maxi Prep 

kit (Qiagen, Inc.) was used for making large-scale plasmid preparations.

For bacterial expression in E. coli Rosetta 2 (DE3), the A3B-CTD coding sequence, 

comprising residues 187-382 of FL A3B with an added N-terminal methionine and a C-

terminal His6-tag (LEHHHHHH), was inserted into the NdeI-XhoI site of the pET21 
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plasmid (Novagen). The pET21 plasmid, containing an A3B-CTD gene with D205G/ΔP206/

ΔL207/ΔV208/L209I/R210G/R212H/Q213K mutations (A3B-CTD L1 mutant containing 

A3A loop 1) was purchased from GenScript for expression of the mutant protein. WT A3G-
CTD (encoding residues 191-384 with an added N-terminal methionine and a C-terminal 

His6-tag) and WT A3C coding sequences with a C-terminal His6-tag were sub-cloned for 

expression, using the protocol described above for WT A3B-CTD. The A3A H29R mutation 

was constructed using the QuikChange Kit and sub-cloned as described above. The A3B 
sequence in each plasmid used for mammalian cell expression was verified by DNA 

sequencing performed by ACGT (Wheeling, IL) and verification of the sequences for the 

bacterially expressed constructs was performed by Genewiz (South Plainfield, NJ).

 Preparation of mammalian cell extracts

Propagation of 293T cells, transfection, preparation of cell extracts, and determination of 

protein concentration were performed as described previously44,92. The relative expression 

levels of A3B were determined by Western blot analysis of cell extracts (10 μg of total 

protein for each sample), using the Western Breeze chemiluminescent Western blot kit (Life 

Technologies, Grand Island, NY). The primary antibodies were anti-HA (Cell Signaling 

Technologies, Danvers, MA) for detection of all A3B proteins and anti-tubulin (Abcam, 

Cambridge, MA) for the loading control. The secondary antibodies, AlexaFluor 488 goat 

anti-rabbit IgG and AlexaFluor 680 goat anti-mouse IgG, were obtained from Life 

Technologies.

 Deaminase assay

Prior to performing the deaminase assay, the 293T cell extract (20 μg of total protein) was 

incubated at 37 °C for 15 min with RNase A (endonuclease-free, final concentration 1 μg/μl) 

(Qiagen) in a 20-μl reaction to remove potentially inhibitory cellular RNAs92. Deaminase 

assays, polyacrylamide gel electrophoresis and data analysis were performed as described 

previously44,92, except that reactions were incubated for 5 h at 37 °C. The substrates were 

40-nt Alexa-Fluor 488-labeled ssDNAs (Integrated DNA Technologies (IDT), Coralville, 

IA) containing the following sequence: 5′-(Alexa488) ATT ATT ATT ATT ATT ATT ATN 
NNN TTT ATT TAT TTA TTT A-3′, where NNNN represents the motif for deamination. 

Note that for ACCCA, the motif consists of five bases: an A was substituted for the T 

immediately downstream of the targeted C in the 40-nt substrate (see below, JL1095). The 

motifs that were tested were: TTCA (JL913); TTCT (JL1043); TTCG (JL1094); TGCA 

(JL1178); and ACCCA (JL1095)92. The deamination activity was expressed as percent 

deamination product over total signal. To compare the deaminase activities of FL A3B and 

its variants, the percent deamination product was normalized against protein levels in the cell 

extracts, as determined by both chemiluminescence and fluorescence scanning of Western 

blots in the Typhoon 9400 Imager (GE Healthcare) using ImageQuant software (Figure 1A). 

The data represent the average of two independent determinations (each performed in 

duplicate) from two different transfections.
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 Protein expression and purification

Uniform 15N- and 13C-labeling of A3B-CTD was carried out by growth in modified minimal 

medium at 18 °C, using 15NH4Cl and 13C6-glucose as the sole nitrogen and carbon sources, 

respectively, and 2H-, 15N-, and 13C-labeling was achieved by growth in D2O, 

with 15NH4Cl, and 13C6/2H7-glucose as sole nitrogen and carbon sources, respectively. 

Selective protonation of Tyr/Phe/Ile/Val/Leu side chains was accomplished by adding 40–80 

mg of 13C/15N-tyrosine, -phenylalanine, -isoleucine, and -valine to the D2O culture 1 h prior 

to induction with 0.5 mM isopropyl-1-thio-β-D-galactopyranoside (total induction time: 16 

h). Proteins were purified by chromatography on a 5-ml HiTrap His column (GE Healthcare) 

in 50 mM sodium phosphate buffer (pH 7.5), containing 500 mM NaCl, 2 mM 2-

mercaptoethanol, and 0.02% sodium azide, employing a linear gradient of 10–500 mM 

imidazole. A3B-containing fractions were passed over a Hi-Load Superdex 75 (1.6 cm × 60 

cm) column in 25 mM sodium phosphate buffer (pH 7.5), containing 100 mM NaCl, 5 mM 

dithiothreitol (DTT), and 0.02% sodium azide, followed by ion-exchange chromatography 

over a 5-ml HiTrap-Q column (GE Healthcare), equilibrated with 25 mM Tris-HCl buffer 

(pH 8.5), 2 mM DTT, and 0.02% sodium azide, employing a linear gradient of 0–1 M NaCl. 

The other A3 proteins, i.e., A3B-CTD L1, A3A, A3A H29R, A3G-CTD, and A3C, were 

uniformly labeled with 15N only and purified according to the protocol described above for 

WT A3B-CTD. For experiments in which deaminase activity was measured as a function of 

pH, with the exception of A3C, all samples were buffer exchanged into NMR buffer (25 mM 

sodium phosphate, pH 5.5–8.1, 10 mM DTT, 0.02% sodium azide, and 7% D2O). The A3C 

sample was buffer exchanged into 10 mM Hepes buffer, pH 5.5–8.1, 300 mM arginine, 50 

mM NaCl, 10 mM DTT, 0.02% sodium azide, and 7% D2O. As judged by electrophoresis in 

sodium dodecyl sulfate-polyacrylamide gels, all proteins were > 95% pure (data not shown). 

Importantly, the structural integrity of all proteins was confirmed by 1H-15N HSQC spectra 

(e.g., see spectra in Supplementary Figure S1).

 Multi-angle light scattering

Size-exclusion chromatography/multi-angle light scattering (SEC-MALS) data were 

obtained at room temperature using an analytical Superdex 200 column with in-line multi-

angle light scattering, refractive index (Wyatt Technology, Inc., Santa Barbara, CA), and UV 

(Agilent Technologies, Santa Clara, CA) detectors. 100 μl of 80 μM A3B-CTD were applied 

to the column in 25 mM sodium phosphate buffer, pH 6.9, 0.02% sodium azide, and 1 mM 

DTT at a flow-rate of 0.5 ml/min.

 NMR Spectroscopy

All NMR spectra were recorded at 25 °C on Bruker AVANCE900, AVANCE800, 

AVANCE700, and AVANCE600 spectrometers, equipped with 5-mm triple-resonance, z-

axis gradient cryoprobes. Backbone and side chain resonance assignments of A3B-CTD (in 

NMR buffer, pH 6.9, 25 °C) were performed using NMR data obtained from 2D 1H-15N 

HSQC, 2D 1H-13C HSQC, 3D HNCACB, HN(CO)CACB, HNCA, HN(CO)CA, HCCH-

TOCSY,93 and simultaneous 13C- and 15N-edited NOESY spectra94. Distance restraints 

were derived from 3D simultaneous 13C- and 15N-edited NOESY and 2D NOESY 

experiments. All NOESY spectra were acquired at 900 MHz, using a mixing time of 100 ms 
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(non-perdeuterated samples) or 150 ms (perdeuterated samples). Spectra were processed and 

analyzed with TOPSPIN 2.1 (Bruker), NMRPipe95, and Collaborative Computing Project 

for NMR (CCPN)96 programs.

 NMR structure calculation

Structure calculations used the anneal.py protocol in XPLOR-NIH97. An iterative approach 

with extensive manual cross-checking of all distance restraints against the NOESY data and 

the generated structures was employed using CCPN. The final number of the NMR-derived 

restraints was 3548, with 3071 NOE distances, 168 H-bond distances, identified from NOE 

patterns for helices and β-sheets, and 309 ϕ and ψ backbone torsion angles from TALOS98. 

In addition, a Zn2+ ion with tetrahedral coordination to the H253, C284, and C289 side 

chains88,99,100 was added at a late stage in the calculations, using distances from the X-ray 

structure of A3G-CTD90,101. 256 structures were generated and the 30 lowest energy 

structures were selected and analyzed using PROCHECK-NMR102 (Table 2). Pockets in the 

A3 protein structures were identified by CASTp103–105 and rendered as Connolly 

surfaces106. All structure figures were generated with MOLMOL107 or PyMOL (the PyMOL 

Molecular Graphics System, Version 1.7.4 Schrödinger, LLC).

 Single-stranded oligonucleotide binding to A3B

HPLC-purified ssDNA oligonucleotide (5′-ATTTUATTT-3′) was obtained from MIDLAND 

Co. (Midland, TX) or IDT and was prepared as a 21.7 mM stock solution in H2O. Binding 

was measured by adding aliquots of the stock solution to 42 μM 15N-labeled A3B-CTD in 

NMR buffer (pH 6.9) and recording binding isotherms from 1HN proton chemical shift 

changes in 2D 1H-15N HSQC spectra. Dissociation constants were calculated by best fitting 

of binding curves assuming 1:1 binding for 17 unambiguously traceable amide resonances 

using CCPN. The final Kd value is the average for the resonances.

 A3-catalyzed deamination of ssDNAs

1D 1H NMR spectra of oligodeoxynucleotides were acquired at 25 °C as a function of time 

after addition of A3B-CTD, A3B-CTD L1, A3A, A3A H29R, A3G-CTD or A3C (~1.6 or 

~16 μl of ~20 μM A3 stock solution) to 160 μl of 1 mM oligodeoxynucleotides in NMR 

buffer at pH ranging from ~5.5 to 8.1. Final concentrations were ~1 mM for 

oligodeoxynucleotides and ~0.2 or ~2 μM for A3 proteins. Initial rates of the C→U 

deamination reactions were determined from the intensities of C and U 1H-5 resonances in 

1D 1H spectra.

 Results

 Deaminase activity of A3B-CTD and FL proteins present in mammalian cell extracts

The deaminase activities of FL A3B and A3B-CTD in cell extracts were compared, using 

proteins expressed in 293T cells (Figure 1A)44,92. The FL A3B E255Q mutant lacking 

catalytic activity and the empty vector served as negative controls (Figure 1B and C). Using 

the highest amount of extract (5 μg), FL A3B deaminated ~90% of the 40-nt ssDNA 

substrate with a TTCA motif in ~5 h, while the equivalent degree of deamination with 

A3A44 or A3H92 was achieved in ~ 1 h. For A3B-CTD, after 5 h, ~55% product was 
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formed. Using lower protein concentrations, the difference was more pronounced, e.g., for 1 

μg A3B-CTD extract, ~4-fold lower product was observed, compared to FL protein (Figure 

1B and C). Thus, the NTD is not essential for deaminase activity, although its presence 

results in a modest increase in activity, presumably by increasing binding affinity to the 

substrate. Taken together, these results lend further support to earlier studies, concluding that 

A3B’s catalytic activity is localized to the CTD29–32.

To delineate the substrate specificities for A3B, assays were performed with five substrates 

that differed in the motif containing the deamination targeted C: TTCA; TTCG; TTCT, 

TGCA, and ACCCA (Figure 1D and 1E). Interestingly, the FL protein exhibited identical 

activity with three of these substrates, TTCA, TTCG, and TTCT, and ~2-fold lower activity 

with ACCCA (Figure 1D), indicating that T at the −1 position is preferred. No deamination 

was observed for the TGCA substrate, in contrast to A3H, which exhibited a low, but 

detectable level of deamination of this substrate92. Thus, the A3B substrate requires a T or C 

immediately 5′ to the targeted C and does not tolerate a G at this position.

Parallel experiments with A3B-CTD (Figure 1E) revealed that substrates that vary 3′ of the 

targeted C exhibited slight differences, with TTCG > TTCA > TTCT. However, the 

differences were very small (~1.5-fold) and deamination did not exceed ~70%. As shown for 

the FL protein, the poorest substrate for A3B-CTD in these assays was ACCCA and no 

deamination was detected for TGCA.

 A3B-CTD NMR structure determination

The purified A3B-CTD was monomeric and monodisperse in solution (Figure 2, inset, lower 

left) and exhibited a well-dispersed 1H-15N HSQC spectrum at a protein concentration of 76 

μM and pH values around pH 7 (Figure 2). At concentrations above 100 μM, however, the 

quality of the 1H-15N HSQC spectrum gradually deteriorated (Supplementary Figure S2), 

indicating non-specific aggregation. This aggregation can be alleviated by increasing the 

ionic strength, but only to some extent (Supplementary Figure S3). The final sample 

conditions used for the NMR structural studies described below were ~80 μM A3B-CTD in 

the absence of NaCl in 25 mM sodium phosphate buffer, pH 6.9, 10 mM DTT, and 0.02% 

sodium azide.

Nearly complete backbone amide (all, but 12 of 187 observable) (Figure 2) as well as most 

CαH and side chain (> 70%) resonances of A3B-CTD were assigned using routine 

multidimensional NMR experiments (see Materials and Methods). Missing backbone HN 

resonances were associated with loop 1 (D205, V208, L209, R210, and R211) and loop 3 

(C239, N240, N244, and L245) residues, most likely due to severe line broadening of these 

resonances arising from conformational exchange on an intermediate (μ-ms) chemical shift 

time scale.

The structure of A3B-CTD was calculated on the basis of a total of 3548 NMR-derived 

experimental restraints (Table 2) and in the final 30-member conformational ensemble, all 

experimental restraints were satisfied and good covalent geometry was observed. A stereo-

view of the 30-member ensemble and a ribbon representation of the lowest energy structure 

are provided in Figure 3A and 3B, respectively. For the well-ordered parts of the structure, 
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excluding residues 187-190, 203-213, 241-252, and 378-382, the atomic r.m.s differences 

for the backbone and all heavy atoms with respect to the mean positions are 0.59 ± 0.04 and 

1.18 ± 0.05 Å, respectively (Table 2). The overall structure consists of a central five-stranded 

β-sheet with six surrounding helices, common to all A3 proteins (A3A88,108, A3C109, A3F-

CTD110–112, A3G-CTD89,90,99–101,113, and A3G-NTD114), with A3B-CTD most closely 

resembling the A3A88,108 and A3G-CTD89,90 structures (Supplementary Table S1). The 

current NMR structure of A3B-CTD is also very similar to the X-ray structure of the A3B-

CTD mutant (QMΔL3)91.

Interestingly, A3B-CTD possesses an interrupted β2 strand similar to A3A88,108 and A3G-

CTD89,90,99,100,113. In addition, the active site residues in the A3B-CTD and A3A NMR 

structures are located in very similar positions (Figure 3C)88. However, differences between 

A3A and A3B-CTD were observed in the local conformations of the loops, in particular 

loop 1 (Figure 3), with the longer A3B-CTD loop 1 exhibiting extensive conformational 

plasticity (Figure 3A) and the associated amide resonances exhibiting severe broadening. By 

contrast, in A3A, the most extensive conformational exchange is seen for loop 3 

resonances88.

 Single-Stranded Oligonucleotide Binding to A3B-CTD

Binding studies were performed with a ssDNA U-containing oligonucleotide (5′-

ATTTUATTT-3′), since for enzymatically active protein, using the C-containing substrate 

results in deamination over the course of the binding experiment and a mixture of substrate 

and product will be bound in the active site. This is a valid approach, as was previously 

ascertained for A3A88. Structural mapping of the resonance changes in the 1H-15N HSQC 

spectra of A3B-CTD after addition of the 5′-ATTTUATTT-3′ oligonucleotide showed that 

primarily residues near the catalytic site and in the surrounding loops (loops 1, 3, 5, and 7) 

were involved in binding (Figure 4A). For example, significant chemical shift changes were 

observed in the titration with the 9-nt oligonucleotide for the amide resonances of H253, 

E255, C284, and C289 (the Zn+2 coordinating residues in the catalytic site), Q213 and T214 

(loop 1), K243, C247, G248, F249, Y250, and R252 (loop 3), W281, S282, S286, W287, 

and G288 (loop 5), and D314, Y315, and D316 (loop 7) (Figure 4A and 4B). This 

demonstrates that DNA binding affects an extended surface of A3B-CTD that includes all of 

these loops. Importantly, the amide resonance of Y315 in loop 7 (Y132 in A3A and D317 in 

A3G), a residue implicated in determining TC versus CC specificity of A3 deaminases, was 

also affected115. In addition, a striking resemblance was observed for the magnitude and 

direction of the (5′-ATTTUATTT-3′)-binding-induced changes in the A3B-CTD (Figure 4B) 

and A3A (Figure 4C; see Figure 4b and 5a in ref.88) 1H-15N HSQC spectra. This suggests 

that essentially the same residues in both proteins are involved in the interaction, although 

binding by A3B-CTD (Kd, 0.119 ± 0.026 mM) is two-fold weaker than by A3A (Kd, 0.058 

± 0.008 mM88).

 Deamination studies by NMR

A3B-CTD-catalyzed deamination of a 15-nt ssDNA substrate, 5′-ATTATTTCATTTATT-3′, 

was followed by monitoring the disappearance of the cytosine 1H-5 doublet and appearance 

of the 1H-5 doublet of uracil in 1D 1H NMR spectra88,100 (Figure 5A, inset). At pH 7.1, ~1 
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mM substrate was completely converted to product by ~0.2 μM enzyme in ~150 h, with an 

initial reaction rate of 0.046 mM h−1 (Figure 5A). This rate is one order of magnitude lower 

(~15-fold) than the rate of the A3A-catalyzed reaction (i.e., 0.75 mM h−1), under similar 

conditions (pH 6.9) (Figure 5B).

The pH dependence of the deamination reaction was followed over a pH range from 5.9–7.8 

(Figure 5C). Measuring the product (5′-ATTATTTUATTTATT-3′) at the 3 h time point 

showed the highest activity at basic pH values (Figure 5C, left panel). The initial reaction 

rate was used to determine the pH optimum, which was ~7.5 (initial rate, 0.053 mM h−1) 

(Figure 5C, right panel); at lower pH, e.g., pH 5.9, the initial rate was only 0.002 mM h−1, 

~30-fold lower than at pH ~7.5. In contrast, A3A-catalyzed deamination of the 15-nt ssDNA 

substrate 5′-ATTATTTCATTTATT-3′ occurred more rapidly and the reaction was essentially 

complete at 2 h (Figure 5B, pH 6.9). The pH dependence of the A3A deamination reaction 

with the 9-nt 5′-ATTTCATTT-3′ substrate was followed over a pH range from 5.5–8.1 and 

product conversion was measured at the 0.2 h time point (Figure 5D, left panel). The initial 

reaction rate increased from pH 5.5 to pH 6.9, but did not change significantly for pH values 

above pH 6.9 (Figure 5D, right panel). Thus, a discrete pH optimum was not observed here 

for A3A. These results contrast with those of Pham et al.116, who used a different protein 

construct and different assay conditions.

Since the largest difference between A3B-CTD and A3A is associated with loop 1 (Figure 

3D and Supplementary Figure S4), we prepared a chimaera in which loop 1 from A3A, 

i.e., 23NNGIGRHKT31, was substituted for loop 1 in A3B-CTD, 

i.e., 203NNDPLVLRRRQT214. Compared with WT A3B-CTD (Figure 5C, right panel, and 

Figure 6A), the hybrid protein exhibited one order of magnitude higher activity with TTCA-

containing substrates (Figure 6C), i.e., only two-fold lower than the highest activity for A3A 

(Figure 5D, right panel, and Figure 6B), and a pH dependence similar to that seen for A3A. 

Changing loop 1 in A3A by replacing a single amino acid, H29R, reduced the activity 10-

fold compared to WT, with no change in pH dependence (Figure 6D). This is in contrast to 

the comparable A3G H216R mutant, which unlike WT A3G, exhibits only a small (1.5-fold) 

increase in deamination activity when the pH is changed from 7.4 to 5.5117.

For comparison, we also investigated the pH dependence of WT A3G-CTD (Figure 6E) and 

A3C deaminase activities (Figure 6F). For A3G-CTD with 5′-ATCCCATTT-3′, which 

contains A3G’s preferred motif (CCCA)5,7, activity was higher at low pH values < 6.5; the 

initial rate was ~0.12 mM h−1. This value is ~6-fold lower than the highest activity of WT 

A3A (initial rate, ~0.7 mM h−1; Figure 5D, right panel), but ~2-fold higher than the 

maximum activity of A3B-CTD (initial rate, ~0.05 mM h−1; Figure 5C, right panel). The 

higher activity of A3G at acidic pH agrees with the results of Harjes et al.117.

 Substrate specificities of A3B-CTD, A3A, A3G-CTD, and A3C

Substrate specificities for several A3 proteins were evaluated using identical reaction 

conditions with several ssDNA substrates containing the following motifs: TTCA; ATCA; 

and CCCA, ATCC, and TCCC (Figure 6). 5′-ATATCATTT-3′ was the preferred substrate 

for A3B-CTD, followed by 5′-ATTATTTCATTTATT-3′, 5′-ATCCCATTT-3′, and 5′-

ATCCCATTT-3′ (Figure 6A). 5′-ATCCCATTT-3′ was an especially poor substrate and was 
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barely converted to product (initial rate ≤ 0.0001 mM h−1). The ~1.4-fold preference for the 

ATCA vs. the TTCA motif, while very small, is in agreement with a recent report118 that 

described A3B’s preference for a purine in the -2 position, based on statistical analyses of 

deaminase data using long genomic ssDNA substrates in yeast model systems.

For A3A, the substrate preferences were: 5′-ATTTCATTT-3′ (defined as 100%) > 5′-

ATATCATTT-3′ ≈ 5′-ATCCCATTT-3′ (~60% and ~50% respectively) > 5′-

ATCCCATTT-3′ (~10%) > 5′-ATCCCATTT-3′ (~2%) (Figure 6B). The strong ability of 

A3A to deaminate the C in substrates containing TTCA or CCCA motifs agrees well with 

the results of our earlier A3A study88. Although Love et al.119 concluded that A3A lacks a 

distinct preference for TTC over ATC, GTC, or CTC, our data reveal a small, but 

reproducible trend, showing that A3A prefers a pyrimidine (TTCA) rather than a purine 

(ATCA) at the -2 position. These data are in accord with the recent study cited above118, 

comparing the deaminase motif preferences of A3A and A3B in yeast systems.

Interestingly, although A3A preferred TTCA over ATCA or CCCA under our conditions, 

the cytosines in the latter two motifs were deaminated fairly effectively, by at least a factor 

of 6-fold faster than was seen with A3B-CTD and its most preferred substrate, 5′-

ATATCATTT-3′. Furthermore, the preference for an A immediately 3′ of the targeted C, 

also appeared to be important, since the rate was ~5-fold less for a C in this position 

(compare the rates with 5′-ATATCATTT-3′ and 5′-ATCCCATTT-3′). For deamination by 

A3A, a distinct pH maximum at pH 6.9 was noted with 5′-ATCCCATTT-3′, whereas for the 

other substrates, no drop in deamination rates was seen above pH ≥ 7.

Compared with A3B-CTD WT (Figure 6A), the A3B-CTD L1 mutant exhibited 

substantially higher (5- to 50-fold) deaminase activity towards all of the substrates tested 

(Figure 6C), essentially transferring A3A characteristic properties to A3B-CTD. Substrate 

specificity was also affected by the mutation, since the L1 mutant no longer showed a 

preference for ATCA over TTCA. The L1 mutant also exhibited a shift in the pH optimum 

from basic pH values (> pH 7) to slightly lower pH values (6.5–6.9), most clearly seen with 

5′-ATCCCATTT-3′. Conversely, the A3A H29R mutation converted A3A to A3B-CTD-like 

and resulted in substantially lower deaminase activity (~10-fold) than A3A WT towards all 

tested substrates (Figure 6D).

Investigation of the substrate specificities for A3G-CTD confirmed the preference for the 

CCCA motif in 5′-ATCCCATTT-3′. The rate of deamination of other C bases in this 

substrate, e.g., TCCC and ATCC, was 100-fold lower or undetectable, respectively (Figure 

6E, insert). A3G-CTD deamination of the ATCA motif in 5′-ATATCATTT-3′ and the TTCA 

motif in 5′-ATTTCATTT-3′ was at the limit of detection, i.e., 200- to 400-fold lower than 

was seen with the preferred CCCA motif.

In contrast to the other A3 proteins, none of the C bases in the 5′-ATCCCATTT-3′ substrate 

was deaminated by A3C (pH 5.5–8.0) and deamination of 5′-ATTTCATTT-3′ by A3C was 

very poor under the experimental conditions used here (pH 6.1–7.5) (Figure 6F), even after 1 

day of incubation with 0.2 μM of the enzyme. For higher concentrations of enzyme, 2 μM 

A3C, and 1 mM substrate, 1–2% conversion to product was observed within 10 h and the 
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initial rate was 0.002–0.004 mM h−1. Thus, A3C deaminase activity is ~2000-fold lower 

than that of A3A. These data are consistent with the low levels observed in assays for A3C 

DNA mutator activity57,120 and the finding that A3C-induced mutations were observed only 

infrequently (even at preferred 5′ TC sites) in the DNA of A3C-expressing cells infected 

with several patient-derived HIV-1 molecular clones121.

In summary, A3A is the most powerful deaminase among all of the A3 proteins tested in this 

study and is able to deaminate cytidines in all substrates tested. The pH dependence of A3A, 

the A3A H29R mutant, A3B-CTD, and the A3B-CTD L1 mutant was strikingly different 

from that of A3G-CTD (Figure 6). Finally, the rank order of deaminase activity for the A3 

proteins examined here is: A3A ≫ A3G-CTD ≥ A3B-CTD ⋙ A3C.

 Structural basis for different deamination activities of A3 proteins

Since A3B and A3A exhibited dramatic differences in enzyme activities, despite similar 

global binding sites and affinities for ss DNA oligonucleotides, a detailed comparison of 

their active site pockets and surrounding loops was performed. The binding site pocket in the 

A3B-CTD NMR structure (Figure 7A) (230 Å3, this study) is much smaller than the pocket 

found in the A3A NMR structure (Figure 7B) (843 Å3, PDB: 2M6588). In addition, loop 

conformations and dynamics in or adjacent to the binding sites exhibit distinct features in 

the two structures, which clearly modulate activity. For example, the A3A loop 1 is short, 

while A3B-CTD, A3G-CTD, and A3C possess longer loops, which may partially occlude 

the active site. If conformational selection is important in the formation of the productive 

catalytic complex, the binding competent conformations have to be selected from the 

flexible loop 1, loop 3, loop 5, and loop 7 ensemble for accurately accommodating the 

cytosine in the active site. Thus, for A3 proteins, it seems likely that in addition to the size of 

the active site pocket, the details of the surrounding loops are the most critical determinants 

for enzyme activity.

 Discussion

In the present work, we report the NMR solution structure of the catalytic CTD of WT A3B 

and provide a detailed analysis of substrate binding and deaminase activity for several 

members of the A3 family. The A3B CTD structure exhibits the same architecture as other 

A3 proteins, consisting of a five-stranded β-sheet core that is surrounded by six α-helices. It 

is very similar to the recently determined A3B-CTD X-ray structure91, exhibiting a pairwise 

r.m.s. difference of 1.56 Å (N, Cα, C′ backbone atoms), and is most similar to A3A, 

compared to other A3 proteins (Supplementary Table S1). However, distinct differences are 

seen in the loop conformations, most notably for loop 1, which is longer and more flexible 

in A3B-CTD than the corresponding loop in A3A.

Despite numerous reports describing A3 protein oligomerization and its relation to 

deaminase activity10,90,122–131, there is still no consensus regarding the oligomerization 

states of some of these proteins (see for example, A3A refs.88,108,116,119,130,132). 

Interestingly, FL A3B has been reported to form multimers in cells130. However, here, we 

show unequivocally by SEC-MALS and NMR that WT A3B-CTD (Figure 2) exists solely as 

a monomer in solution, in agreement with Shi et al., who reported that the A3B-CTD 
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QMΔL3 mutant is monomeric91. In contrast, Siriwardena et al.133 reported that A3B-CTD 

(residues 193-382, a construct with a six-residue truncation at the N-terminus, compared to 

the construct used in this study and by Shi et al.91), exists as a monomer-dimer equilibrium. 

Importantly, both the NMR (this study) and X-ray91 A3B-CTD structures show that the 

missing residues in the truncated protein (e.g., Y191 and L192) are an integral part of the 

folded protein structure, suggesting that truncation most likely destabilizes the protein and 

that the shorter A3B-CTD may undergo non-specific association.

Although all A3 structures exhibit the same global fold (Supplementary Table S1), with very 

similar catalytic sites, there are differences in the structural and motional properties of the 

loops, particularly loops 1, 3, 5 and 7, surrounding the catalytic site. For example, for A3B-

CTD, the most significant conformational variability is seen for loop 1 and loop 3 (Figure 

3). This conformational flexibility is important for substrate binding and several resonances 

of loop 1 are very broad and undetectable in the free enzyme. Loop 1 (Q213 and T214), loop 

3 (K243, C247, G248, F249, Y250, and R252), loop 5 (W281, S282, S286, W287, and 

G288), and loop 7 (D314, Y315, and D316) residues experience large amide chemical shift 

changes upon ssDNA binding, suggesting that the conformation of these loops is rearranged 

upon substrate binding (Figure 4A and 4B). The striking similarity around the catalytic site 

in both A3B-CTD and A3A, exploited for oligonucleotide binding, can be seen by the DNA 

binding-induced chemical shift changes for residues in or close to the active site (Figure 4B 

and 4C). For example, T214/T31, E255/E72, W287/W104, and C289/C106 exhibit 

remarkably similar changes upon 5′-ATTTUATTT-3′ oligonucleotide binding. Since the 

catalytic activities of A3B-CTD and A3A are very different, this demonstrates that binding 

alone is only necessary, but not sufficient for catalysis.

The tryptophan and glycine residues between the two Zn+2 coordinating cysteines (C101 

and C106 in A3A; C284 and C289 in A3B-CTD), present as a two-residue insertion only in 

A3A and A3B, disrupt a helical conformation, but keep the catalytic site structure intact 

(Figure 7). This region protrudes out from the body of the protein in the NMR structures of 

WT A3A and A3B-CTD (Supplementary Figure S5), while it is folded back onto the protein 

in the X-ray structures of the inactive A3A E72A mutant108 and the A3B-CTD QMΔL3 

mutant91 (Supplementary Figure S5). This difference may simply reflect the possibility that 

both conformations can exist, given the flexibility of this region in solution (Figure 3A).

Despite the 89% sequence identity (Table 1), A3A and A3B-CTD exhibit substantially 

different activities: A3B-CTD is a much less active enzyme compared to A3A (Figure 5 and 

6), even in the context of the FL enzyme (Figure 1)88. Comparison of the amino acid 

sequences of A3B-CTD and A3A (Supplementary Figure S4) reveals that most differences 

reside in the first ~30 amino acids of the two proteins (15 out of 25). They cluster in α1 and 

loop 1, with the latter being three residues shorter in A3A, compared to all other A3 proteins 

(Figure 3D)92. Since grafting the shorter A3A loop 1 onto A3B-CTD (A3B-CTD L1 mutant) 

resulted in an order of magnitude increase in deaminase activity, it appears that a shorter 

loop 1 enhances enzyme function. Within loop 1 of A3A, H29 plays a pivotal role, since 

changing the histidine to arginine, the corresponding residue in A3B-CTD (Figure 3D), 

dramatically decreased enzymatic activity in the A3A H29R mutant to the level observed 

with A3B-CTD (Figure 6). Inspecting the pH dependence of the activity reveals that the 
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A3A and A3B-CTD L1 mutant activities are highest above pH 7, clearly implicating this 

histidine in modulating activity. Among the other A3 proteins, A3G-CTD also possesses a 

histidine (H216) in loop 1, but this loop is longer than the A3A loop 1. In this case, A3G-

CTD activity is higher at the low pH side of the histidine pKa (Figure 6E) and a protonated 

H216 imidazole ring may be necessary for A3G-CTD activity, as discussed by Harjes et 

al.117, again highlighting the importance of the detailed conformation of loop1 residues for 

substrate recognition and positioning.

Although the correlation between deaminase activity and the size of the catalytic pocket in 

A3A and A3B-CTD seems intriguing (Figure 7), it is likely that the flexible nature of the 

surrounding loops is a more critical feature governing the enzymatic functions of A3 

proteins. Indeed, it appears that catalytic activity is compatible with conformational 

rearrangements of the structure for optimally positioning substrates into the active site. The 

C (A3G) or T (all other A3 proteins) specificity at the −1 position appears to be governed by 

loop 7115,134–137 and a single residue changes in loop 7 (D314R in A3B) switches the −1 

specificity from T to C91. Similarly, our data show that A3B-CTD and A3A, for which 

differences in the amino acid sequences are found mainly in the N-terminal 30 amino acids, 

particularly loop 1, also differ in the −2 position specificity (TTCA vs. ATCA, Figure 6A 

and B), suggesting that the −2 position specificity is affected by the N-terminal region of the 

proteins, including loop 1. Interestingly, interactions between loop1 and loop 7 residues have 

been noted in several A3 structures, and it may be the loss or gain of interactions between 

loop 1 and loop 7 that governs the selectivity of bases around the deamination-targeted base, 

permitting precise positioning of the proteins’ catalytic residues, necessary for performing 

the chemical reaction.

In summary, analysis of the human A3B-CTD NMR solution structure reported in the 

present study in conjunction with a detailed evaluation of DNA binding and catalytic activity 

for this protein explains why, among the A3 proteins, A3B-CTD is a weak deaminase and 

A3A is the most active enzyme. Yet, despite its poor activity, A3B’s genomic DNA mutator 

activity causes a wide variety of tumors. Knowledge of which determinants in the three-

dimensional structure of the A3B catalytic domain influence enzymatic activity should 

greatly strengthen efforts to develop novel agents that prevent the devastating consequences 

of human cancer caused by the A3B enzyme.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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 Abbreviations

A3 APOBEC3

A3B APOBEC3B

CTD C-terminal domain

dC deoxycytidine

dU deoxyuridine

ss single-stranded

HIV-1 human immunodeficiency virus type 1

HTLV-1 human T-lymphotropic leukemia virus type 1

HBV hepatitis B virus

FL full-length

NTD N-terminal domain

WT wild-type
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Figure 1. 
Deaminase activities and sequence specificity of FL A3B and A3B-CTD. (A) Western blot 

analysis showing FL A3B, FL A3B E255Q, and A3B-CTD protein levels in 293T cell 

extracts. Transfection of the empty vector and E255Q were used as the negative controls. 

Note that the lack of A3B expression with the empty vector indicates that no endogenous 

A3B could be detected in the extracts. The tubulin signal served as a loading control. (B) 

The percent (%) deamination was calculated as described under Materials and Methods and 

was plotted against increasing amounts of total protein (μg) added. (C) Deaminase activity 

measured for cell extracts, visualized by gel electrophoresis. A 40-nt ssDNA containing the 

TTCA deaminase motif was used as the substrate. The oligonucleotide was incubated in a 

series of reactions with increasing amounts of each extract (1, 2, 3, and 5 μg of protein). 

Arrows to the right of the gel indicate the positions of the 40-nt ssDNA substrate and the 

deamination product. Lanes 1, 6, 11, and 16, no protein control; lanes 2 to 5, FL A3B; lanes 

7 to 10, E255Q; lanes 12 to 15, A3B-CTD; lanes 17 to 20, empty vector. (D and E) 

Deaminase substrate sequence specificity of FL A3B (D) and A3B-CTD (E). Reactions 

contained 40-nt substrates with one of the following deaminase motifs: TTCA, TTCT, 

TTCG, TGCA, and ACCCA 92. The data were analyzed and plotted as described in 

Materials and Methods. Note that the values for deamination of the TTCA substrate with the 

FL (D) and CTD (E) A3B proteins were taken from the data shown in (B).
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Figure 2. 
800 MHz 1H-15N HSQC NMR spectrum of 76 μM 13C/15N-labeled A3B-CTD in 25 mM 

sodium phosphate, pH 6.9, 25° C. Assignments are indicated by residue name and number. 

An expansion of the boxed region is provided in the inset in the upper left corner. SEC-

MALS data are shown in the inset in the lower left corner, with the elution profile indicated 

with black circles and the estimated molecular mass across the peak with blue triangles.
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Figure 3. 
A3B-CTD NMR solution structure. (A) Stereo-view (defocused) of the backbone (N, Cα, C

′) atoms of the final 30-conformer ensemble. Regions of helical and beta sheet structures are 

colored magenta and blue, respectively, and the remainder of the structure is colored grey. 

The Zn2+ ion is shown as a brown ball. (B) Ribbon representation of the lowest energy 

structure of the ensemble, using the same color scheme as in (A). Secondary structure 

elements are labeled. (C) Stereo-view (defocused) of the superposition of the active site 

regions of the current A3B-CTD NMR and the A3A NMR (PDB: 2M6588) structures. 

Secondary structure elements of the A3B-CTD structure are colored using the same color 

scheme as in (A) and (B) and those of A3A are colored in pink (helices), light blue (beta 

strands), and khaki (loops). The active site residues (H253, E255, C284, and C289 in A3B-

CTD and H70, E72, C101, and C106 in A3A) and the Zn2+ ions are shown in ball and stick 

representation with carbon, nitrogen, oxygen, sulfur, and zinc atoms in green, blue, red, 

yellow, and brown, respectively, for A3B-CTD, or in pale green, cyan, red, yellow, and 

orange, respectively, for A3A. The active site residues are labeled only in the A3B-CTD 

structure. (D) Amino acid sequence alignment of loops 1, 3, 5, and 7 for A3B-CTD and 

A3A. The entire sequence alignment is given in Supplementary Figure S4. Identical residues 

are highlighted in yellow; residues in the loop 1 region that were changed to construct the 
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A3B-CTD L1 mutant are enclosed in a black rectangle. Residues R212 (A3B-CTD) and 

H29 (A3A) are highlighted in magenta.

Byeon et al. Page 26

Biochemistry. Author manuscript; available in PMC 2017 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Structural mapping of 5′-ATTTUATTT-3′ binding to A3B-CTD. (A) Residues whose 

resonances experience significant 1H,15N chemical shift changes upon binding are colored 

red (>0.050 p.p.m.) or orange (0.028–0.050 p.p.m.). 1H,15N-combined chemical shift 

changes were calculated using , with ΔδHN and ΔδN representing 1HN 

and 15N chemical shift differences, respectively. (B) and (C) Binding isotherms for 

representative 1HN resonances of A3B-CTD (B) and A3A (C).
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Figure 5. 
A3B-CTD and A3A catalyzed deamination reactions and pH dependence. A series of 1D 1H 

NMR spectra of the 15-nt ssDNA (5′-ATTATTTCATTTATT-3′) substrate after addition of 

A3B-CTD at pH 7.1 (A) or A3A at pH 6.9 (B) were recorded at 25 °C. The time for each 1D 

measurement was ~1.8 min. The intensities of the 1H-5 resonances in the 1D spectra of the 

substrate (dC) and product (dU) were measured for calculation of unreacted substrate 

concentrations, which were plotted as a function of reaction time. Representative 1D 1H 

NMR spectra recorded at the indicated reaction times are shown in the insets. Spectra at 

different pH values for A3B-CTD at the 3 h time point (C, left panel) and A3A at the 0.2 h 
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time point (D, left panel) and initial rates of deamination for A3B-CTD (C, right panel) and 

A3A (D, right panel) with 5′-ATTATTTCATTTATT-3′ and 5′-ATTTCATTT-3′, respectively, 

as substrates. Using the 9- and 15-nt substrates for activity comparisons is valid, since the 

dC in these substrates is deaminated at essentially identical rates by A3A 88 as well as by 

A3B-CTD (data not shown). The initial deamination rates were calculated as in (A) and (B). 

The error bars represent the SD obtained from two to four independent measurements. 

Concentrations of ssDNA and enzyme were ~1 mM and ~0.2 μM, respectively.
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Figure 6. 
pH dependence of the deamination rates of selected A3 proteins. (A) A3B-CTD WT; (B) 

A3A WT; (C) A3B-CTD L1 mutant; (D) A3A H29R mutant; (E) A3G-CTD; and (F) A3C. 

The following substrates were used: 5′-ATCCCATTT-3′, 5′-ATTTCATTT-3′, 5′-

ATATCATTT-3′, and 5′-ATTATTTCATTTATT-3′. In the insets in (A), (D), (E), and (F), the 

y-axes showing the initial rates are expanded. The values for A3B-CTD WT in (A) with the 

5′-ATTATTTCATTTATT-3′ substrate (empty circles) and for A3A in (B) with the 5′-

ATTTCATTT-3′ substrate (filled circles) were taken from the data shown in Figure 5C and 

5D (right panels), respectively. Concentrations of ssDNA and enzymes were ~1 mM and 
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~0.2 or ~2 μM, respectively. The data were normalized to an enzyme concentration of 0.2 

μM and the error bars represent the S.D. from two to four independent measurements.
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Figure 7. 
Comparison of the active sites in the NMR solution structures of A3B-CTD and A3A. 

Pockets in (A) A3B-CTD WT (this study) and (B) A3A WT (PDB: 2M6588) are shown as 

grey meshes.
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Table 1

Sequence comparison of A3B-CTD with other A3 proteins and theoretical isoelectric points (pI)

Protein Zinc-binding domain (Z) type % Sequence identity with A3B-CTD (187–382)a Theoretical pIb

A3B-CTD (187-382) Z1 100 5.1

A3A (10-199) Z1 89 6.3

A3G-CTD (191-384) Z1 64 6.2

A3C (12-190) Z2 40 7.5

A3B-NTD (12-186) Z2 39 7.5

A3G-NTD (12-181) Z2 40 9.4

A3B-FL (1-382) - - 5.7

A3G-FL (1-384) - - 8.3

a
Sequence comparison was performed with the indicated residues for each protein using LALIGN138.

b
Theoretical pI values were calculated using the ProtParam online web-based program (http://web.expasy.org/protparam).
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Table 2

Statistics for the final 30 conformer ensemble of A3B-CTD

Number of NOE distance constraints

 Intra-residue (i−j=0) 1268

 Sequential (|i−j|=1) 639

 Medium range (2≤|i−j|≤4) 338

 Long range (|i−j|≥5) 826

 Total 3071

Number of hydrogen bond constraints 168

Number of dihedral angle constraints

 ϕ 155

 ψ 154

 Total 309

Structural Quality

 Violationsa

  Distances constraints (Å) 0.031 ± 0.002

  Dihedral angles constraints (°) 0.397 ± 0.050

 Deviation from idealized covalent geometry

  Bond lengths (Å) 0.002 ± 0.000

  Bond Angles (°) 0.450 ± 0.007

  Improper torsions (°) 0.255 ± 0.009

 Average r.m.s.d. of atomic coordinates (Å)b

  Backbone heavy atoms 0.59 ± 0.04

  All heavy atoms 1.18 ± 0.05

 Ramachandran plot analysis (%)c

  Most favorable region 74.5 ± 2.3

  Additional allowed regions 21.5 ± 2.6

  Generously allowed regions 3.0 ± 1.1

  Disallowed regions 1.0 ± 0.6

a
No individual member of the ensemble exhibited distance violations > 0.5 Å or dihedral angle violations >5°.

b
The average r.m.s. difference in atomic coordinates for residues 191-202, 214-240, and 253-377 was calculated for individual structures with 

respect to the mean structure. Flexible regions in the A3B-CTD structure (residues 187-190 (N-terminal), 203-213 (loop 1), 241-252 (loop 3), and 
378-382 (C-terminus)) were excluded from the statistics.

c
Statistics were calculated using PROCHECK for the entire A3B-CTD (residues 187-382).
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