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ABSTRACT: Although the physiological role of APOBEC2 is still largely unknown, a
crystal structure of a truncated variant of this protein was determined several years ago
[Prochnow, C. (2007) Nature 445, 447−451]. This APOBEC2 structure had
considerable impact in the HIV field because it was considered a good model for the
structure of APOBEC3G, an important HIV restriction factor that abrogates HIV
infectivity in the absence of the viral accessory protein Vif. The quaternary structure and
the arrangement of the monomers of APOBEC2 in the crystal were taken as being
representative for APOBEC3G and exploited in explaining its enzymatic and anti-HIV
activity. Here we show, unambiguously, that in contrast to the findings for the crystal,
APOBEC2 is monomeric in solution. The nuclear magnetic resonance solution
structure of full-length APOBEC2 reveals that the N-terminal tail that was removed for crystallization resides close to strand β2,
the dimer interface in the crystal structure, and shields this region of the protein from engaging in intermolecular contacts. In
addition, the presence of the N-terminal region drastically alters the aggregation propensity of APOBEC2, rendering the full-
length protein highly soluble and not prone to precipitation. In summary, our results cast doubt on all previous structure−
function predictions for APOBEC3G that were based on the crystal structure of APOBEC2.

APOBEC2 (apolipoprotein B mRNA editing catalytic-polypep-
tide-like 2; A2) is a muscle specific family member of the
APOBEC/AID (activation-induced deaminase) family of
cytidine deaminases.1 This family includes AID, a protein
responsible for C-U deamination at distinct regions in
immunoglobin genes, resulting in antibody diversification;2

APOBEC1, which catalyzes the C-U conversion of cytidine
6666 in apolipoprotein B RNA, leading to the translation of a
truncated form of the protein;3,4 the APOBEC3s (A−H) that
play a variety of roles in the restriction of retroelements and
retroviruses via C-U deamination of the target genome, leading
to genome hypermutation;5−12 and the newly identified
APOBEC4 protein, whose functional role is currently
unknown.13

A2 is a highly conserved protein among vertebrates1 whose
biological function is largely unknown. In muscle tissue, protein
expression is correlated with orderly aging and the maintenance
of correct fiber ratios, although gene loss is not lethal.14−16

There is a growing body of evidence to suggest that A2 may act
at the transcriptional level: A2 expression is upregulated during
early stem cell differentiation,17 and expression in Xenopus
mesoderm is correlated with the orderly development of the
left−right body axis.18 Furthermore, simultaneous overexpres-
sion of A2 as well as various APOBEC/AID family members, a
thymidine glycosylase, and Gadd45α results in gene demethy-
lation,19−21 a phenomenon intimately related to transcriptional
regulation.22−25 The coupling of APOBEC-driven methlyated
cytidine deamination to thymidine, followed by base excision

repair via a thymidine glycosylase, has been proposed as a
possible maintenance mechanism.19−21 Unfortunately, the field
is currently ambivalent with regard to the deaminase activity of
A2: in vivo studies in higher organisms suggest that A2
deaminates cytidines in DNA,19,26 whereas Escherichia coli
mutator studies as well as in vitro deamination assays, using
purified recombinant A2 protein, have not been able to detect
any deamination activity.14,27,28

While numerous APOBEC/AID family members are difficult
to purify in a biochemically pure and physically homogeneous
form, a truncated version of A2 was purified and crystallized by
Prochnow et al.29 The X-ray structure revealed a novel,
extended V-shaped homotetramer, contrasting earlier findings
for other deaminases that exhibited square/rectangular
homodimeric or homotetrameric assemblies with the Zn-
coordinated active sites of all subunits at the center.30−32

Because little was known about the function of A2, rendering
structure−function studies not feasible, the major value of the
A2 structure was its utility as a surrogate for other APOBEC/
AID family members. All APOBEC/AID family members
exhibit a high degree of primary sequence similarity, for one-
domain and two-domain variants.33 Among the APOBECs,
A3G has received a great deal of attention given its ability to
restrict HIV in a ΔVif background.5,34 Both monomeric and
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dimeric models of APOBEC3G (A3G)35,36 were created, based
on the A2 structure. In the A2 crystal structure, each wing of
the V is comprised of two A2 monomers and thus two
deaminase domains. As a result, the majority of researchers in
the A3G field have adopted the view that the double domain,
monomeric A3G, can be represented by the dimeric wing of the
A2 structure and that the functional form, the A3G dimer,37 can
be represented by the A2 tetramer.
In this report, nuclear magnetic resonance (NMR) spectros-

copy and light scattering measurements have been used
unambiguously to demonstrate that purified A2 is a monomer
in solution. This holds true for both the full-length A2 protein
and the N-terminal truncation construct that was used for
crystallography. In addition, the N-terminal region in full-length
A2 contributes to its thermodynamic stability and suppresses
aggregation, although it does not alter the fold of the catalytic
domain. These findings suggest that, in the absence of a bona
fide high-resolution A3G structure, the current views with
respect to A3G structure−function relationships that are based
on the A2 structure need to be re-examined.

■ EXPERIMENTAL PROCEDURES
Experimental Conditions. For all experiments unless

otherwise noted, the experimental conditions were 20 mM
HEPES (pH 7.0), 50 mM NaCl, and 5 mM DTT (A2 buffer) at
25 °C.
Cloning and Purification. Full-length human A2 (amino

acids 1−224) [A2(1−224)] and the same truncation construct
as the one crystallized by Prochow et al.,29 A2 (amino acids
41−224) [A2(41−224)], were cloned into a modified pET41a
vector and used to transform BL21(DE3) (Invitrogen). For
15N-labeled samples, cells were grown at 37 °C in modified M9
medium, supplemented with [15N]ammonium chloride until
the OD600 reached 0.8, induced with 500 μM IPTG, and grown
at 18 °C for 16−18 h. For triply labeled samples, cells were
grown in modified M9 medium, containing [15N]ammonium
chloride, [13C]glucose, and 99% D2O, and induced at an OD600
of 0.4. Cells were harvested by centrifugation (4600g for 10 min
at 4 °C), resuspended in 20 mM HEPES (pH 7.0), 1 M NaCl,
and 5 mM DTT, and lysed using a microfluidizer (Micro-
fluidics). DNase (80 μg/mL) and RNase (64 μg/mL) were
added to the lysate, and the reaction mixture was incubated at 4
°C with stirring for 2 h. The lysate was clarified by
centrifugation (38000g for 1 h at 4 °C) and applied to a
GSTrap column (GE Life Sciences). Bound protein was eluted
with 20 mM HEPES (pH 8.0), 1 M NaCl, and 40 mM reduced
glutathione. GST-A2 was separated from any contaminating
proteins by gel filtration over a Superdex 200 26/60 column,
equilibrated in 20 mM HEPES (pH 7.5), 150 mM NaCl, and 5
mM DTT. Digestion with TEV protease, followed by ion
exchange using Q Sepharose, was used to remove the fusion
tag. Fusion tag free A2 was finally passed over a Superdex 75
16/60 column, equilibrated in A2 buffer for buffer exchange
and to remove the last traces of contaminants. The final protein
purity was estimated to be >99% by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis. All A2 proteins contain
bound zinc based on the analytical method of Kornhaber et
al.38

NMR Spectroscopy. Backbone chemical shift assignments
for full-length A2 and the truncated A2(41−224) were obtained
using standard two-dimensional (2D) HSQC and three-
dimensional (3D) HNCACB, HN(CO)CACB, HNCA, HN-
(CO)CA, HNCO, and HN(CA)CO experiments, recorded on

a Bruker AVANCE 600 MHz NMR spectrometer, equipped
with a z-axis gradient cryoprobe at 37 °C. For 3D experiments,
32, 32, 16, 16, 16, and 64 scans were used, respectively. Spectra
were processed using NMRPipe39 and analyzed using CARA.40

All experiments were performed using 1 mM 2H-, 13C-, and
15N-labeled protein [both A2(1−224) and A2(41−224)] in A2
buffer. Differences in combined 1H and 15N chemical shifts
between the 1H−15N HSQC spectra of A2(1−224) and
A2(41−224) were calculated according to

Δδ = Δδ + Δδ( /6.51)HN
2

N
2

where ΔδHN and ΔδN represent the 1HN and 15N chemical
shift differences, respectively, in parts per million (ppm).41

1H−15N residual dipolar couplings (RDCs) were measured
for 0.4 mM A2(41−224) in A2 buffer, using either 5% C12E5/
hexanol or 15 mg/mL Pf1 for alignment.42,43 IPAP 1H−15N
HSQC spectra in Pf1 were recorded on a Bruker AVANCE 600
MHz NMR spectrometer at 25 °C, equipped with a z-axis
gradient cryoprobe, while spectra in C12E5/hexanol were
recorded on a Bruker AVANCE 700 MHz NMR spectrometer,
equipped with a 5 mm triple-resonance, three-axis gradient
probe.44 All spectra were processed using SPARKY version
3.115,45 and the RDC data were analyzed using PALES.46

Ninety-two and ninety RDCs were obtained for the C12E5/
hexanol and Pf1 samples, respectively, with eight unique to one
data set or the other.
To estimate the oligomeric state of A2(41−224), backbone

relaxation R1 and R2 data as well as 1H−15N heteronuclear
NOEs were recorded for 0.4 mM A2(41−224) in A2 buffer on
a Bruker AVANCE 700 MHz NMR spectrometer at 25 °C,
equipped with a 5 mm triple-resonance, three-axis gradient
probe. For R1, the relaxation delays were 20, 200, 400, 700,
1000, 1500, and 2000 ms. For R2, the CPMG mixing times
were 16, 32, 48, 64, 80, 96, and 112 ms with 2048 × 512
complex points. For error estimation, R1 experiments with 200
and 400 ms delays and R2 experiments with 32 and 48 ms
mixing times were repeated. For the 1H−15N heteronuclear
NOE reference spectrum, a 6 s interscan delay was used, and
during the last 3 s of the interscan delay, a 120° pulse train with
5 ms spacing was inserted. The rotational correlation time of
A2(41−224), τC, was calculated according to

τ ≈ πν −R R1/(4 ) 6( / ) 7C N 2 1

where νN represents the 15N resonance frequency in hertz.47

The molecular mass of A2(41−224) was estimated on the basis
of the empirical relationship for monomeric proteins:

≈ τmolecular mass /0.6C

Generation of a Model Structure of Full-Length
APOBEC2. A model structure of full-length A2 was generated
using HN, N, Cα, and Cβ chemical shifts for 199 of the 214
non-proline residues in A2(1−224) as well as RDCs in the two
independent alignment media (Pf1 and C12E5/hexanol) of
A2(41−224). The latest version of CS-Rosetta, CS-HM Rosetta
(Thompson, Sgourakis, and Baker, personal communication),
that incorporates distance constraints from homologous
proteins to enhance convergence properties and improves
structure determination of proteins up to 25 kDa was
employed. The murine A2(46−224) NMR structure [Protein
Data Bank (PDB) entry 2RPZ] was utilized as the homology
template.
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Light Scattering Measurements. Size exclusion multi-
angle light scattering (SEC-MALS) measurements were
performed using a Superdex 200 10/300 column (GE Life
Sciences) with in-line multiangle light scattering (HELEOS,
Wyatt Technology), UV (Agilent 1100, Agilent Technology),
and refractive index (OptilabrEX, Wyatt Technology)
detectors. Data were analyzed using ASTRA software, version
5.3.1.4 (Wyatt Technology). In all experiments, 100 μL of
protein sample in sterile-filtered, degassed A2 buffer was
injected into the system. Dynamic light scattering measure-
ments were performed using a Wyatt Technology DynaPro
Plate Reader, and the data were analyzed using Dynamics
software, version 7.01. For each protein concentration, the
measurements were performed in triplicate with 10 acquisitions
per sample.
Differential Scanning Calorimetry (DSC). DSC measure-

ments for both full-length A2 and A2(41−224) were performed
using a MicroCal VP-DSC microcalorimeter. For both proteins,
0.5, 1, and 1.5 mg/mL protein in A2 buffer were scanned from
20 to 100 °C with a scan rate of 80 °C/h. The data was
analyzed using Origin software, version 7.

■ RESULTS

Chemical Shift Assignment of APOBEC2. Compared to
the other single-domain APOBECs, the amino acid sequence of
A2 contains a unique N-terminal extension (Figure 1). Given
that the previous structural work was conducted with an N-
terminal deletion product of A2, it appeared appropriate to
evaluate whether any structural differences exist between the
deletion construct and full-length A2. The equivalent set of
NMR spectra was collected, namely, 2D 1H−15N HSQC and
3D HNCACB, HN(CO)CACB, HNCA, HN(CA)CO, HN-
(CO)CA, and HNCO spectra for human full-length A2(1−
224) and A2(41−224). Both proteins were soluble at room
temperature and below, could be concentrated to >1 mM
without immediate aggregation, and yielded well-resolved
spectra. A superposition of 1H−15N HSQC spectra for
A2(41−224) and A2(1−224) is provided in Figure 2A and
reveals nearly perfectly matched resonances in both spectra,
with only a few resonances exhibiting small chemical shift

differences. Of the non-proline resonances that can be assigned,
89% of 177 were assigned for A2(41−224) and 93% of 214 for
A2(1−224). It is interesting to point out the unusual chemical
shift for E100, the conserved catalytic glutamic acid. The amide
proton resonance for E100, in both spectra (Figure 2A, top left
inset), is located at very low field (11.8 ppm), significantly
different from the average position for a glutamic acid at 8.34
ppm (BMRB). Such strong deshielding is indicative of
hydrogen bonding and seems to be present for the equivalent
amide group in all available APOBEC spectra. In murine A2,
the E100 amide is located even slightly further downfield at
11.932 ppm (BMRB), and the amide of the corresponding
catalytic glutamic acid, E259, in the C-terminal catalytic domain
(CTD) of A3G, is located slightly less downfield at 10.955
ppm.48 The most likely source for this strong deshielding is the
carboxyl group of the E100 side chain; no other electron-
withdrawing groups are present in the vicinity of the amide
proton in either the NMR structure of murine A2 or the
available NMR structures of the A3G C-terminal domain.48−50

The conformational propensity of the first 40 amino acids of
A2 can be qualitatively evaluated from the 1H−15N HSQC
spectrum of full-length A2(1−224) (Figure 2A, large left inset).
Almost all resonances that belong to residues in this region of
the protein are very narrow and cluster around 8 ppm (1H),
suggesting that this stretch of polypeptide is highly mobile.
Secondary structure prediction with TALOS+51 also suggests
that this region is very flexible and lacks any well-structured
elements. Although the absence or presence of the first 40
amino acids of A2 did not significantly alter the 1H−15N HSQC
spectrum of the well-folded domain of A2 (see the super-
position of the spectra in Figure 2A), indicating that no gross
structural changes are induced in the deaminase domain, closer
examination of the combined 1H−15N chemical shift differences
between the two 1H−15N HSQC spectra revealed a distinct
pattern (Figure 2B,C). Resonances of residues with chemical
shift differences greater than the average plus one standard
deviation are located predominantly along helix α1, strand β2,
and loops neighboring these elements. This is not too
surprising because helix α1 and the short preceding loop are
the structural elements in the A2 crystal structure closest to the

Figure 1. Sequence alignment between A2 and all single-domain APOBEC family members. Amino acid sequences for A2 and A1, A3A, A3C, and
A3H were aligned using ClustalX2. The arrowhead denotes the conserved catalytic glutamic acid, while the squares denote the conserved histidine
and two cysteines that coordinate the zinc ion at the active site.
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N-terminus (residue 41) and would undoubtedly experience
different chemical environments in the presence and absence of
the N-terminal tail. Interestingly, the differences in shifts
observed for the stretch of residues from position 85 to 97,
comprising strand β2 and the preceding loop, suggest that the
N-terminal tail of A2 interacts with the region that forms the
dimerization interface in the A2(41−224) crystal structure.
Thus, the first 40 amino acids, while not significantly altering
the structure of the deaminase domain, may have a substantial
effect on the oligomerization properties of the protein.
APOBEC2 Solution Dynamics. If in solution a similar

tetrameric arrangement as in the crystal would have been
present, more than one set of resonances should have been
present, given the two different chemical environments for the
monomeric subunits. For example, the stretch of residues from
F59 to G67 is in two distinct conformations in the human A2
crystal structure, forming either a loop at the tetramer interface
or a discontinuous β-strand in the monomer that forms the

dimer.29 No indication for such a situation was found in the
spectra. However, the most surprising finding was the quality of
the spectra in terms of line widths, considering that a dimer or
tetramer would possess a molecular mass of 44 or 88 kDa for
A2(41−224) and a molecular mass of 52 or 104 kDa for A2(1−
224). Proteins of this size generally exhibit very broad
resonances and necessitate TROSY-type experiments. Given
the unexpected high spectral quality, 1H−15N heteronuclear
NOE, R1, and R2 relaxation experiments for characterizing the
backbone dynamics were conducted. The observed average R2/
R1 ratios for A2(41−224) yielded a rotational correlation time
of 17 ns, compatible with a 28 kDa protein and not a 44 or 88
kDa protein (Figure S1 of the Supporting Information).
RDCs were measured for the A2 deaminase domain, A2(41−

224), using two different alignment media, Pf143 and C12E5/
hexanol42 (Figure S2 of the Supporting Information). To
evaluate whether the structure of A2(41−224) in solution is
identical or very close to monomeric or dimeric units of the

Figure 2. Comparison between full-length and truncated A2. (A) The 1H−15N HSQC spectrum of A2(1−224) (red) is superimposed onto that of
A2(41−224) (blue). The amide proton of the putative catalytic E100 exhibits an unusual downfield shift, and its cross-peak is highlighted in the
small left-hand corner inset. The amide protons of the first 40 amino acids of A2 produce intense cross-peaks and are all clustered between 8 and 8.5
ppm, indicating that they reside in a flexible, rapidly exchanging region (large left inset). (B) Combined 1H−15N chemical shift differences between
A2(1−224) and A2(41−224). Residues assigned in only A2(1−224) are labeled with a red asterisk and those assigned in only A2(41−224) with a
blue asterisk. (C) The A2(41−224) crystal structure (PDB entry 2NYT) monomer, residing at the tetramer interface, was used as the template to
display the location of residues that were observed in only the A2(1−224) spectrum (red) and the A2(41−224) spectrum (blue). Positions of
residues that exhibited a combined chemical shift difference greater than the average +1 standard deviation are shown in green.
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tetramer in the crystal, experimental RDCs measured in both
media were compared to those calculated on the basis of the
different monomer units in the tetramer as well as the dimeric
arm of the V-shaped tetramer. The experimental RDCs in both
alignment media agreed well with the structure of the central
monomer in the tetramer (in Pf1, R = 0.933 and QSaupe = 0.345;
in C12E5/hexanol, R = 0.937 and QSaupe = 0.248). To compare
the measured RDCs with those predicted on the basis of the
dimeric unit of the A2 crystal structure, the experimental RDC
data set was duplicated and compared to those predicted for
the dimer or the experimental RDC data set was arbitrarily split
in half and compared to the predicted set. Comparison of the
measured RDCs in Pf1 revealed that the agreement between
experimental and predicted values was inferior to those
predicted for the monomer unit (R = 0.904 and 0.891, and
QSaupe = 0.325 and 0.353). The experimental RDCs measured
in C12E5/hexanol exhibited even more profound differences
from those predicted on the basis of the dimer, with R values of
0.744 and 0.750 and QSaupe values of 0.663 and 0.714.
Therefore, consistent with the 1H−15N heteronuclear NOE,
R1, and R2 relaxation data, the RDC measurements also
supported the finding that the quaternary structure of A2 in
solution is monomeric.
Quaternary State of APOBEC2. The NMR solution

dynamics and RDC data eliminated a dimer or tetramer from
being the dominant oligomeric state of A2 in solution but could
not rule out the possibility that oligomeric species existed in
solution. In the 1H−15N HSQC spectra, subpopulations of
dimeric and tetrameric species might not have been observed
due to (1) the large intensity of the monomer signals, (2)
broad peaks of dimeric or tetrameric signals due to the large
molecular mass, (3) essentially identical chemical shifts, given
the similar chemical environments for equivalent residues in the
monomer and putative higher-order oligomers, or (4) all of the
above. To unambiguously determine the quaternary state of
full-length A2(1−224) and truncated A2(41−224) in solution,
multiangle light scattering (SEC-MALS) experiments were
performed. The data in Figure 3 demonstrate unequivocally
that at protein concentrations of 0.5−2 mg/mL, only a single
state is observed for both protein constructs, with molecular
masses corresponding to the monomer state for A2(41−224)
of 22.4 ± 0.055 kDa (MWtheoretical = 21.7 kDa) and for A2(1−
224) of 26.5 ± 0.026 kDa (MWtheoretical = 26.1 kDa). We also
tested the protein by dynamic light scattering (DLS), and both
A2 proteins at concentrations of 1 mg/mL yielded average
particle sizes of 2.25 ± 0.04 nm, corresponding to a molecular
mass of 24.5 ± 1.08 kDa for A2(41−224), and 2.71 ± 0.03 nm,
corresponding to a molecular mass of 34.7 ± 0.9 kDa for A2
(1−224). In both cases, the solutions were monodisperse with
peak polydispersity of <10%.
Model Structure of Full-Length APOBEC2. A2 is a

highly conserved protein among vertebrates,52 with the murine
and human forms exhibiting 90% sequence identity. The NMR
structure of murine A2(46−224) had been determined by the
RIKEN Structural Genomics/Proteomics Initiative (PDB entry
2RPZ), and because the N-terminal tail of A2 did not drastically
change the chemical shifts of residues in the deaminase domain
(Figure 2), it was deemed reasonable to calculate the NMR
solution structure of human A2 using CS-HM Rosetta
(Thompson, Sgourakis, and Baker, personal communication).
CS-HM Rosetta allows for the determination of protein
structures up to 25 kDa by combining traditional NMR data,
such as chemical shifts, RDCs, and NOE constraints, with

distance constraints from previously determined structures of
homologous proteins. Using the chemical shifts of 199 of the
214 non-proline resonances of full-length A2, RDCs for 90 and
92 residues of A2(41−224) in Pf1 and C12E5/hexanol,
respectively, and the mouse 2RPZ structure as the homology
template, the solution structure of human A2 was calculated
(Figure 4A). In the CS-HM Rosetta A2 model, the N-terminal
tail is found as a set of three helices, positioned along the face
of the deaminase domain where strand β2 resides. As discussed
above, the N-terminus is highly mobile and does not adopt a
unique, stable conformation. To highlight the flexibility of this
region, eight conformers with the lowest energy were selected
for its representation (Figure 4B). The helices in all conformers
are positioned along only one face of the protein, essentially
forming a curtain that shields this surface. Interestingly, this
shielded region of the structure constitutes the dimerization
interface in the A2(41−224) crystal structure (Figure 4C). As
can be appreciated, the position of the N-terminus in the
solution structure is incompatible with A2 dimerization via
strand β2. Furthermore, while A2 is a negatively charged

Figure 3. Light scattering analysis and the oligomeric state of A2. Light
scattering, both SEC-MALS and dynamic, was used to determine the
oligomeric state of A2(41−224) (A and C) and A2(1−224) (B and C)
in solution. SEC-MALS of A2(41−224) (A) and A2(1−224) (B) at
injection concentrations of 0.5 (···), 1 (−−−), and 2 mg/mL ()
predicts molecular masses of 22.4 ± 0.055 and 26.5 ± 0.026 kDa,
respectively. (C) The average particle size, predicted molecular mass
of the two constructs, and polydispersity of the solution from dynamic
light scattering are listed.
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protein, with a predicted charge of −13 at pH 7.0, the N-
terminal extension is exceptionally rich in acidic residues (−9 at
pH 7.0), and dimerization similar to that seen in the A2 crystal
structure would bring two highly negative regions together,
clearly an unfavorable electrostatic arrangement.
Although CS-HM Rosetta models the N-terminus as three

helices, those helices are highly fluctuating. Backbone Cα
chemical shifts generally serve as a good predictor of the
helicity of a polypeptide region.53 Upon comparison of the Cα
chemical shift for a particular residue with that found in a
random coil conformation, a chemical shift difference of >0.7
ppm indicates that this residue exhibits helical ϕ and ψ angles.
On the basis of the analysis of Cα chemical shifts exhibited by
the N-terminus of A2, we note that no stable helical segments
are suggested by these data (Figure S3 of the Supporting
Information). Thus, the varying conformations for the N-
terminal tail predicted by CS-HM Rosetta also indicate a high
degree of flexibility. Indeed, the identity of the helical residues
varies in each model, suggesting that particular amino acids
exchange between unique ϕ and ψ angles. Although 1H−15N
HSQC spectra of A2(1−224) strongly suggest that the N-
terminus is predominatly in a random coil conformation, we

were able to observe most amide resonances, even at 37 °C,
suggesting some degree of protection from exchange. Missing
resonances in the 1H−15N HSQC NMR spectra of A2(41−
224), however, often were detectable in the NMR spectra of
A2(1−224) (Figure 2B), with the associated residues found
predominantly in helical stretches proximal to the strand β2
face of the protein. Transient H-bonding as well as steric
occlusion may play a role in this difference. Therefore, taken
together, these data suggest that the N-terminus of A2 exhibits
a highly fluctuating structure that may contain nascent helices
as modeled by CS-HM Rosetta.
As expected, the deaminase domain of the model of full-

length A2 is nearly identical to that of an individual domain in
the human A2(41−224) crystal structure and the mouse
A2(46−224) solution NMR structure, although two areas of
distinct differences can be discerned (Figure 5). In particular,
the long loop connecting helix α1 with strand β1 exhibits
different conformations (Figure 5D). In the murine structure,
the loop points away from the putative active site, while in the
crystal structure of human A2, this loop obscures the active site.
In the model of full-length A2, this loop is also close to the
active site, but like the N-terminus, this region is conforma-
tionally highly variable and is either covering the active site or
leaving it completely exposed. This region also exhibits two
different conformations in the crystal structure. In the
monomers that are involved in the dimer interface, this stretch
forms a short β-strand (Figure 5C,D), while it is a loop in those
monomers that are involved in forming the tetramer interface
(Figure 5B,D). This difference was attributed to the
destabilization of the β-strand through contacts in the tetramer
interface.29 In our solution structure, this region is clearly
disordered. A second difference pertains to helix α1. Like in the
murine NMR solution structure, our model shows this helix at a
76° angle with respect to helix α1 of the crystal structure, nearly
perpendicular to the rest of the fold. Because this helix is the
first structured element in the deaminase domain, it could act as
a lever for positioning of N-terminal tail with respect to the
overall structure (Figure 5D).

Stability of A2(41−224) and A2(1−224). During the
course of the collection of NMR data, there was a distinct
difference in the long term behavior of full-length A2 as
compared to that of the deletion construct. A2(41−224) readily
precipitated at 37 °C, while no precipitate was seen in the
A2(1−224) samples, even after 1 week. In principle,
precipitation can occur via nonspecific aggregation of the
folded or unfolded protein. We, therefore, assessed the
thermodynamic stability of both proteins by DSC (Figure 6).
Thermal unfolding of both proteins was not reversible, and full-
length A2 exhibited a Tm of 63.77 ± 0.01 °C. The deletion
construct, on the other hand, exhibited a complex thermal
melting pattern with an apparent early unfolding event (Tm ∼
52 °C) and visible precipitation. Therefore, reliable thermody-
namic parameters could not be extracted for A2(41−224).
Precipitation of A2(41−224) also occurred during the NMR
experiments, and the structure that was determined represents
only that of the soluble fraction of this protein.

■ DISCUSSION
Implication of the A2 Model on A3G. The greatest

impact of the A2 crystal structure has been on predictions of
the A3G structure, a two-domain member of the APOBEC/
AID family.29,35,36 Prior to the A2 crystal structure, all other
known tetrameric cytidine deaminase structures were square-

Figure 4. CS-HM Rosetta model of full-length A2. (A) One model
selected from the set of lowest-energy structures of A2(1−224). (B)
The N-terminal tail is highly flexible, and its positions, as seen in eight
of the lowest-energy models, are indicated by the colored cartoons
relative to the black ribbon representations of the deaminase domain.
(C) The N-termini of three of the lowest-energy models of A2(1−
224) are colored red, along with the deaminase domain (black). The
A2(41−224) dimer of the crystal structure (PDB entry 2NYT) is
provided for comparison. The monomer residing at the tetramer
interface in the crystal structure is colored gray and that at the dimer
interface is shown in olive.
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shaped, with each zinc-coordinating active site located at the
center of the molecule.30−32 The A2 tetramer displayed a novel
type of oligomerization in which two monomers pair up via
their β2 strands, forming a dimer with a contiguous β-sheet,
and two dimers engage in head-to-head interactions via helix
α6, the AC loop and loop 7, resulting in an elongated V-shaped
structure. In A3G, the N-terminal nucleic acid binding domain
and the C-terminal catalytic deaminase domain are very similar
in sequence and have arisen through gene duplication.33 The

intimate nature of the A2 dimer comprised of a central β-sheet
was taken as evidence that a single A3G molecule could
undoubtedly be represented by this arrangement of A2
monomers. Furthermore, while there still is debate in the
APOBEC field regarding the oligomeric state of the functional
A3G molecule,54 the A3G dimer is generally regarded as the
functional unit.37 Although this structure is compelling, the
major problem with this notion has always been that in a V-
shaped structure for dimeric A3G, the catalytic deaminase
domains point away from each other and from the nucleic acid
binding site. This creates a topological dilemma, and although
RNA binding and deamination are functionally separated on
two different domains,55−58 the extended A2 structure implied
for A3G that a more complex way for organizing nucleic acids
between seemingly independent active sites would be
necessary. A more recent model by Harjes et al.49 proposed a
slightly different type of fold for the A3G monomer that
positions the active sites on opposite faces of the monomer.
However, all current full-length A3G models are still speculative
in the absence of an experimentally determined full-length A3G
structure.
Our finding that A2 exists as a monomer erodes the basis for

the previous assumption that double-domain APOBEC family
members exhibit the organization found in the A2 crystal. Both
the truncated form used for crystallization, A2(41−224), and
full-length A2 are monomeric in solution, and even at a
concentration of 1 mM, soluble A2 was not seen to

Figure 5. Comparison of the model of full-length A2 with other A2 structures. The CS-HM Rosetta model of A2(1−224) (red) is aligned with (A)
the RIKEN murine A2(46−224) NMR structure (PDB entry 2RPZ) (cyan), (B) the A2 monomer comprising the tetramer interface of the human
A2(41−224) crystal structure (PDB entry 2NYT) (gray), and (C) the A2(41−224) monomer not residing at the tetramer interface (olive). (D) For
each pair, the similarities and differences in helix α1 and loop α1β1 are highlighted. For the sake of clarity, the α1−β1 loops are colored differently
[black for A2(1−224), purple for the tetramer interface of the A2(41−224) monomer, and orange for the dimer interface of the A2(41−224)
monomer]. In all structures, the catalytic E100 and the Zn-coordinating residues H98, C128, and C131 are shown as sticks.

Figure 6. DSC analysis of full-length A2. A2(1−224) (1.5 mg/mL) in
A2 buffer was heated from 20 to 100 °C. The protein A2(1−224)
displays a single melting transition with a Tm of 63.77 ± 0.01 °C.
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oligomerize. Full-length A2 did not exhibit any tendency to
aggregate or precipitate, even throughout our prolonged data
collection. Visible precipitation was not observed after several
months at 4 °C, or for the NMR sample that was in the
spectrometer at 37 °C for 1 week. Even after thermal unfolding,
it seems that the unfolded polypeptide is also soluble. This is in
stark contrast to the behavior seen for the A2(41−224)
truncation. The majority of this protein precipitates after a few
minutes in the spectrometer at 37 °C or storage at 4 °C for 1
month, and thermal unfolding results in quantitative precip-
itation.
Extensive intermolecular contacts between the β2 strands of

two A2(41−224) monomers in the crystal29 suggested that this
face of the protein might serve as a nucleation point for
aggregation. Our model of the physiologically relevant full-
length protein indicates that the interface at strand β2 is not
readily accessible to other A2 molecules. The flexible A2 N-
terminal tail, although not in a unique conformation, clearly
shields the entire face of the protein in which strand β2 resides
(Figure 4B). In addition, the preponderance of negatively
charged amino acids, located at the N-terminus of A2, is
expected to cause significant electrostatic repulsion between A2
molecules, preventing dimerization via strand β2. Ultimately,
only the determination of a high-resolution structure of A3G or
another double-domain APOBEC, preferably with a subsrate
mimic, will reveal how such molecules orient the two domains
to conduct cytidine deamination.
Structural Regulation of Deamination. Comparing the

full-length A2 model with the other APOBEC structures
suggests that active deamination by APOBEC/AID family
members involves at least two regulatory features. (1) A2
possesses a long loop that connects helix α1 to strand β1. In the
A2 crystal structure, this loop conceals the catalytic E100;
however, in the murine A2 NMR structure, this loop is located
far from the active site. In our full-length human A2 structure,
this loop is flexible and can either cover the active site or not
cover it. The homologous loop in A3G is also seen in varying
positions in all known structures.48,49,59−61 Thus, different
conformations of this loop clearly could influence accessibility
to the active site and thereby regulate catalytic activity. (2) The
amide resonances of the catalytic E100 in A2 (Figure 2A), the
catalytic E259 in A3G,48 and the catalytic E72 in A3A (I.-J.
Byeon, private communication) display unusual downfield
shifts in the proton dimension, indicative of their possible
involvement in hydrogen bonding. The relevant H-bond is
most likely one that involves its own side chain carboxylate
group and may keep this glutamic acid carboxylate in an
inactive state. Substrate binding could trigger release of the
carboxylate side chain from this inactive conformation,
rendering it capable of engaging in hydrogen transfer. In that
regard, it is interesting to point out that in E. coli mutator
assays, A2 has not been found to be active as a cytidine
deaminase, with A3G a relatively poor deaminase, compared to
other family members, such as A1 and A3A.27,28 It will be
interesting to see whether the degree of deshielding of the
catalytic glutamic acid amide resonance correlates with the
robustness of deaminase activity.
Potential Implications for A2 Transcriptional Regu-

lation. Finally, while the physiological role of A2 has yet to be
identified, its potential involvement in transcriptional activation
is intriguing. The existing model suggests that a cytidine
deaminase converts 5′-methylcytidine to thymine, such that in a
subsequent step a glycosylase can recognize the DNA mismatch

and excise the incorrect base.19,21 The abasic site is then
repaired by the rest of the excision repair (BER) machinery.62,63

Interestingly, direct interaction between the glycosylase and the
deaminase has been suggested on the basis of immunopreci-
pitation,19,20 with the thymidine glycosylase, MBD4, implicated
in this process.19 MBD4 is a well-structured, positively charged
protein,64 and it is tempting to speculate that the flexible, highly
negatively charged, N-terminal tail of A2 could be involved in
the interaction. In addition, the fact that A2 deaminates 5′-
methylcytidine implies that its substrate is double-stranded
DNA, and not single-stranded DNA, as is the case for A3G. In
this situation, a monomeric structure would be easier to
position on the DNA duplex for successful catalysis. Further
structural studies involving substrate may shed light on this
question.
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