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Chapter 1
General Introduction
1.1 Energy and enzymes

Energy takes in many different forms, such as light, heat, wind, and electricity. Here,
we focus on another kind of energy, bioenergy. Generally, bioenergy can be used to
produce heat, transport fuels, ef al.[1]. In the human body, kinetic and thermal energy
provides us with enough power to perform social activities, in other words, it can be
defined as the fundamental resource for work. Bioenergy arises from food, water,
sunshine et al., during the process of conversion of the chemical energy from these
resources into bioenergy, enzymes being the essential proteins that catalyze this

conversion [2, 3].

The factors that affect enzymatic efficiency mainly result from the structures of
enzymes and the binding affinities with their substrates [3]. Therefore, active enzymes
and the binding interfaces between enzymes and their substrates are determinants of
enzymatic efficiency. Once the structures of enzymes are destroyed or the binding
affinity is affected by other factors, the catalytic activities of the enzymes will also be
affected. Only the active structure and proper binding affinity can give effective

catalytic activity.

1.2 HIV and cancers

In the world, nearly all people are fearful when they hear the word "HIV (human
immunodeficiency virus)" or "cancer". Since the beginning of the epidemic, more than
70 million people have been infected with the HIV virus and about 35 million people
have died of HIV. In 2015, about 36.7 million people (all ages) were living with HIV
and 2.1 million (all ages) people were nearly HIV infected [4]. As for cancer, according
to the statistical results of the World Health Organization, there were 8.8 million people
worldwide who die from various cancers in 2015, which is nearly 1 in 6 of all global
deaths. Why are the death rates caused by HIV and cancer so high? What are HIV and

cancer?



HIV is a lentivirus that infects human immune cells and causes acquired
immunodeficiency syndrome (AIDS) [5]. There are two subtypes of HIV, HIV-1 and
HIV-2 [6]. HIV-1 is the most common virus in the world, while HIV-2 is limited to
western Africa. HIV destroys human T-lymphocytes, blocks the process of cell
immunity and humoral immunity, and paralyzes the immunity system, finally resulting
in various diseases, such as AIDS. What is more, HIV adopts several pathways to avoid
the human immune defense, and mutations often occur in the HIV genome resulting in
drug-resistance during the drug-therapeutic process [7, 8]. Because of its tricky
properties, so far, there is no effective strategy to eliminate HIV completely from

human cells.

Similar to HIV, cancer is another incurable disease and it also weakens the human
immune system [9]. Cancer is the name given to a collection of related diseases.
Actually, cancers are abnormal cells, which can divide in an uncontrolled way, and
grow without limitations. There are numerous cancers and some of them can spread to
other parts of the body, which may cause pathological changes in body tissues or

organs.

There are multiple treatments to prevent cells from being infected by HIV or
developing into cancer [8], however, no therapeutic methods have been developed for
HIV infections and cancers up to now, because of the limited knowledge about HIV and
cancers. Therefore, insights into the mechanisms of HIV infection and tumorigenesis
are greatly needed. They will provide the theoretical bases for developing efficient

drugs or treatment methods once the mechanisms have been elucidated.

1.3 APOBEC3 proteins

In the human antiviral defense system, there is a kind of protein named the
apolipoprotein B mRNA-editing catalytic polypeptide-like 3 (APOBEC3, denoted after
as A3) family proteins, which are encoded by a gene cluster located on human
chromosome 22 [10]. A3 proteins belong to the cytosine deaminase family, which
catalyze cytosine-to-uracil conversion in single-stranded (ss) DNA and possess the

ability to stop HIV-1 from replicating [11]. A3 proteins comprise seven subfamily



members, three of them (A3A, A3C, and A3H) contain only a single zinc-coordinating
(Z) DNA cytosine deaminase domain, while the other four proteins (A3B, A3D, A3F,
and A3G) contain double Z domains [10-12]. In the latter, only the C-terminal domains
(CTDs) are conferred with deaminase activity, the N-terminal domains (NTDs) being
reportedly inactive (Figure 1-1) [11-14]. Both types of the domains contain a
zinc-signature motif (HXEX;325PCX,4C). On the basis of the sequence similarity, these
domains are categorized into Z1 (A3A, CTDs of A3B, and A3G), Z2 (A3C and NTDs
of A3B and A3G, as well as both domains of A3D and A3F), and Z3 (A3H) [12].

NH,

__________________

i / 1
| Single Z-domain A3s [ i | ffosinei(E)

07N
e

I
]
I
I
1
- : i 3 :
| N-terminal domain I| C-terminal domain | catalyzing
I
I
I
I
I

e e !

H/C)~(A/V)EX3.,5PCX, 4C | (H/C)-(AV)EX)395PCXp 4C

o : HN .
inactive P active o b uracil (U)
__________________ N

o
|

Figure 1-1. Schematic representation of A3 proteins. The active domains containing
A3A, A3C, and A3H, as well as the CTDs of A3B, A3D, A3F, and A3G, which are
enclosed by a red dashed line, catalyze the conversion of cytosines into uracils. Active
residues in the signature motif are colored red.

The mechanism of cytosine deamination catalyzed by A3 proteins has been
elucidated on the basis of the crystal structures of cytosine deaminases[15]. The zinc ion,
which is indispensable for the catalytic activity, is coordinated by a histidine and two
cysteine residues. Another highly conserved amino acid residue, glutamic acid residue,

contributes to produce the hydroxide ion, which is required to remove the amine group

from pyrimidine ring (Figure 1-2)[15].
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Figure 1-2. The mechanism of cytosine deamination by A3 proteins. First, the
cysteine (Cys) and histidine (His) residues of the active site coordinate a single zinc ion
(Zn*"); an incoming water molecule (H,0) is shown. Second, a hydroxide ion (OH") is
produced when water reacts with glutamic acid (Glu) and zinc. Only the zinc ion and
the side chain of the catalytic glutamic acid are illustrated beyond this step. Third,
glutamic acid protonates N3 of the cytosine pyrimidine ring, which destabilizes the N3—
C4 double bond and renders C4 susceptible to attack by the hydroxide ion. Fourth, this
results in the formation of a tetrahedral (transition state) intermediate, as the proton (H")
of the water molecule is sequestered by glutamic acid. Fifth, the amino group (NH,)
receives this proton in a reaction that causes cleavage of the C—N bond and formation of
a C4-0 double bond. Sixth, uracil and ammonia (NH3) are released from the active site.
This figure is Figure 2C in R.S.Harris [15].

1.4 A3 proteins and antiviral activity

A3 proteins play biological roles in the intrinsic immune system to prevent potential
damage from retroviruses and endogenous retroelements [11, 16-19]. Four of the seven
APOBEC3 proteins (A3D, A3F, A3G, and A3H) have been implicated as HIV-1 host
restriction factors [20-26]. In the absence of HIV-1-Vif (viral infectivity factor), A3
proteins (A3D, A3F, and A3G) are packed into progeny viral particles during
HIV-1-Avif infection, and then interfere with reverse transcription and mutate cytosines
to uracils in nascent cDNA (deaminase-dependent mechanism), generating G-to-A
hypermutations in the proviral DNA plus strand. Such kinds of mutations in ssDNA
lead to double-stranded breaks, resulting in genome DNA damage, and finally blocking
viral replication [27-29]. A3G is also able to inhibit the replication by binding HIV-1
RNA, resulting in physical blocking of reverse transcription (deaminase-independent

mechanism) [30].

On the other hand, HIV-1 has developed a countermeasure to neutralize A3 antiviral
functions in infected cells by encoding accessory protein Vif. Vif recruits an E3

ubiquitin ligase complex comprising Cullin5 (Cul5), Elongin B (EloB), Elongin C



(EloC), core binding factor [ (CBF-B), and a RING-box unit (Rbx2) to
polyubiquitinated A3 for ubiquitin-mediated proteasomal degradation [31]. The CTD
domains of A3D and A3F, as well as the NTD domain of A3G are the binding domains
for Vif. To date, many studies have mainly focused on finding inhibitors or strategies to
disrupt this interaction between A3 proteins and Vif, which is promising for the

development of the novel anti-HIV-1 drugs.

1.5 A3 proteins and cancers

Recently, a role was proposed for A3 proteins in the generation of particular
genome-wide mutational signatures [32]. A3 proteins were reported to contribute to
genomic DNA damage as whole exome sequencing, and the whole genome sequencing
showed that an A3 mutation signature, cytosine-to-thymine conversion within a TCW
sequence, is present in more than seven thousand human cancers [33]. Moreover,
another group revealed that A3B mRNA is up-regulated in most primary breast tumors
and breast cancer cell lines, and that endogenous A3B correlates with increased
genomic mutation frequencies [34]. Zik-Zainal and coworkers demonstrated that the
A3A-A3B germline deletion allele confers cancer susceptibility through increased
activity of APOBEC-dependent mutational processes [35]. Furthermore, the copy
number of A3B is related to the A3B expression level in breast cancer cell lines [36].
When A3A and A3B are heterologously expressed in yeast, genome-wide mutation
patterns of A3A- and A3B-mediated deamination showed the strong similarity of
mutation signatures found in breast cancer, further supporting the role of A3B, and
possibly A3A, in breast cancer hypermutation [37]. A3B has been shown to be
up-regulated in human lymphoma cell lines, lung cancers, ovarian carcinomas, diverse

ovarian cancer cell lines and high grad primary ovarian cancers [38-40].

Besides that of A3B, the expression level of A3G is also found to be high in
colorectal tumors and hepatic metastasis [41]. It was also reported that A3A is
biologically up-regulated in skin lesions, suggesting that A3A-mediated deamination
can be considered as an alternative molecular basis for the initiation events in skin

cancer [42]. Therefore, A3 proteins are vital in cancer-associated somatic mutation



processes, and affect cancer/tumor development and progression.

1.6 Structural characteristics of A3 proteins

After the initial discovery and determination of the structure of A3G [20, 43, 44],
more and more A3 protein structures have been solved. Now, the structures of the
catalytically active domains of A3A, A3B, A3C, A3F, and A3G, as well as the
structures of the inactive domains of A3B and A3G in free forms have been determined,
using X-ray crystallography or the NMR method (Table 1.1). The overall structure of
A3 proteins comprises a central five-stranded B-sheet surrounded by six a-helices. All
of them have a highly similar characteristic architecture
(al-B1-p2-a2-B3-a3-p4-04-B5-a5-a6) (Figure 1-3), which is further supported by the
high sequence similarity [43, 45]. It was also noticed that in the catalytic center, Zn®" is
coordinated by one histidine and two cysteines, and interacts with the catalytic
glutamate through a water molecule [46]. Despite the highly conserved structures
among A3 proteins, there are still subtle differences. In the cases of A3A, A3B, and
A3G, the B2 is interrupted (B2-bugle-f2'), while the other A3 proteins have a continuous
B2. This discontinuous B2 is supposed to mediate the interaction with nucleotide acids

or proteins, and plays an important role in the conformation and oligomeric state [43, 47,

48].

Over all of the molecular surfaces of A3 proteins, there is a single, partial groove
formed by loops 1, 3, and 7. The conformations and orientations of these loops play
critical roles in ssDNA-binding, accessibility, and positioning. Compared with other A3
proteins, which have a large and open catalytic center, A3B shows a closed
conformation of the catalytic center, which leaves a limited opening for a substrate to
access the active center. This structural property of A3B is supposed to cause
rearrangement of the surrounding residues from the closed conformation after binding

to the substrate [49, 50].



Table 1.1 Structures of A3 proteins

A3 protein PDB Method Reference
A3A 4XXO  X-ray [51]
A3A 2M65 X-ray [52]
A3B-CTD 5CQD  X-ray [49]
A3B-CTD 2NBQ NMR [50]
A3C 3VOW  X-ray [53]
A3F-CTD 410U  X-ray [54]
A3F-CTD 4J4] X-ray [55]
A3F-CTD 3WUS  X-ray [56]
A3G-CTD 2)YW  NMR [43]
A3G-CTD 3EIU  X-ray [44]

[

[

[

[

[

[

[

A3G-CTD 2KBO NMR 48]
A3G-CTD 3IR2 X-ray 57]
A3G-CTD 3V4K  X-ray 58]
A3G-CTD 4ROW  X-ray 59]
A3G-NTD 2MZZ  NMR 60]
A3G-NTD S5K8l1 X-ray 61]
A3B-NTD STKM  X-ray 62]

Despite that A3 proteins exhibit similar global structures, there are several differences
in the structure and conformation of the loops, especially loops 1, 3, and 7, which are
around the catalytic center. Due to the differences in these loops, A3 proteins are
bestowed with different functions. For example, A3A and A3B-CTD exhibit a sequence
identity of 82.7%, but the deaminase activity of A3A is much higher than that of
A3B-CTD, which is due to the shorter loop 1 in A3A than that in A3B-CTD [13]. Loop
3 has the potential to regulate the deaminase activity of A3A or A3G by binding a
secondary zinc [63]. The aromatic rich amino acid residues in loop 7 determine the
substrate specificity of A3 proteins, as it was revealed that on loop 7 replacement

between different A3 proteins, the target sequence preference was also swapped [55,

64].



A3F-CTD (3WUS) A3G-CTD (3E1U) A3G-NTD (5K81)

Figure 1-3. Representative structures of A3 proteins. All the structures of A3 proteins
that have been solved comprise a central five-stranded [B-sheet surrounded by six
a-helices. The active zinc is colored red.

1.7 Binding interface of A3s with oligonucleotides

A3 proteins deaminate a target cytosine in an ssDNA substrate. For the double
domains of A3 proteins, the deaminase activity is only conferred by the CTD domain,
with the NTD domain assisting in ssSDNA binding. The ssDNA binding and specific
deamination are the basis for their antiviral property and cancer-related characteristics.
Therefore, more and more attention is been paid to clarification of how A3 proteins
recognize and bind an ssDNA substrate. Numerous research has been performed to try
to elucidate this mechanism. When the structure of A3G-CTD was firstly determined by
two individual groups, both of them postulated the binding of A3G-CTD with ssDNA
oligonucleotides, which have two potential ssDNA-binding interfaces. The mode
revealed by Chen et al. based on the NMR structure showed that the ssDNA binding
residues are located in a straight DNA binding groove [43], which was further



confirmed by Furukawa and coworkers [48]. Unlike other nucleic acid-binding proteins
that have a positively charged surface for contact with a negatively charged nucleic acid,
on the electrostatic potential surface of A3G-CTD, a largely negative region together
with a few positively charged residues form an apparent brim surrounding the concave
active-site region (Figure 1-4a). On the basis of this binding mode, it is notable that in
order to access the catalytic glutamate, the target cytosine is flipped out from the
phosphodiester backbone of the ssDNA [43]. The C-terminal regions of al and a2, as
well as the N-terminal regions of B3 and B4 constitute an area that is closed to the main
chain of an ssDNA substrate [48]. A mutagenesis study on A3F-CTD from Siu and
coworkers showed that the residues of A3F-CTD responding to ssDNA binding are
similar to the case of A3G revealed by Chen et al. (Figure 1-4b) [55].

While another mode revealed by Holden et al. based on the X-ray structure of
A3G-CTD revealed that ssDNA-binding residues are located along a kinked groove
(Figure 1-4c¢). In this structure, active loops 1 and 3 together with the region near the
active site form a deep, spacious groove that is not present in the NMR structures
revealed by Chen et al. [43] and Furokawa et al. [48]. The ssDNA-binding interface
starts from the groove between loop 1 and 3, leads to a deep active pocket, and extends
to the left side over a6. It is hard to judge which ssDNA-binding mode is reasonable
because different methods were used. The strict ssDNA-binding mode cannot be

clarified unless the co-structures of A3s-ssDNA are solved.

Recently, the crystal structures of A3A and chimera A3B-CTD in complexes with
ssDNA substrates have become available [65]. Both the co-crystal structures showed a
U-shaped DNA conformation (Figure 1-4d, e). At the bottom of the "U", the thymine at
position -1 flips out toward the protein and the target cytosine is deeply inserted into the
zinc active center. The nucleic acid residues flanking the TC sequence are bent away
from the active site, which is between loops 1 and 7, and the sugar-phosphate backbone
is rotated in response to those of the flanking sequences. Another co-crystal structure of
A3A-ssDNA reported by Kouno group [66], and a solution-state model of A3A
interacting with its sSDNA substrate obtained with the "method of small changes" and
the NMR method [67] showed the similarity with the co-structure of the A3A-ssDNA

complex. One difference regarding these three structures is the length of the ssDNA



substrate. In the first two crystal structures, short ssDNAs (15 nucleotides) were used
and co-crystallized, while for the NMR-based structure, a long ssDNA substrate was
used for modelling. However, both the two A3A-ssDNA structures showed a well
overlapping shape (Figure 1-4f) [67], even though there are some differences outside
the TCA sequence, which might be due to the different lengths and compositions of the
ssDNA substrates used [67].

The U-shaped ssDNA binding conformations of A3A and A3B-CTD resemble the
co-structure of TadA-RNA, which is the distantly related tRNA adenosine deaminase
[68] (Figure 1-4g), suggesting that it seems like most deaminases bind a substrate
nucleic acid with a U-shape. However, the conformations of oligo(T) co-crystallized
with A3G-NTD (Figure 1-4h) and the double-stranded RNA bound with adenosine
deaminase ADAR2 [69] are in contrast to the models of A3A-ssDNA and chimera
A3B-CTD-ssDNA. The U-shaped DNA/RNA conformation is not observed in these
two structures, which could be attributed to the different oligonucleotides used. It is also
undeniable that the various conformations for oligonucleotide-binding co-exist in

deaminases.

In summary, the reported co-structures of A3A, chimera A3B-CTD, and A3G-CTD
with different oligonucleotides provide a basis for clearly understanding the interaction
between A3 proteins and their substrates, and for designing mechanistic-based

therapeutics for viruses and cancers.
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Figure 1-4. A3 proteins and nucleic acid interaction models. Surface representations of
A3G-CTD-2K3A (PDB: 2JYW) (a) and A3F-CTD (PDB: 3WUS) (b), in which
ssDNA-binding residues were found to line a straight DNA-binding groove, and
A3G-CTD (PDB: 3E1U) (¢), which has the ssDNA-binding residues along a kinked
groove. The positions of positive (blue), negative (red), and neutral (white) charge are
highlighted. The hypothesized position and polarity of ssDNA are indicated (green line).
Ribbon schematics of A3A-ssDNA (PDB: 5SWW) (d) and the chimera A3B-ssDNA
(PDB: 5TD5) (e) complex showing flipped-out target C and -1 nucleotides, as well as
the overall U-shaped binding conformation. (f) Superposition of (d) (cyan) onto another
A3A-ssDNA complex (hot pink, PDB: 5KEG), showing the similar U-shaped binding
conformation. Ribbon schematics of TadA-tRNA (PDB: 2B3J) (g) and A3G-NTD-poly
dT (PDB: 5K83) (h). The acitive zinc is colored red.
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1.8 A3s’ movement on single-stranded DNA

Biologically, proteins recognize essentially functional DNA by interacting with
specific DNA sequences [70]. The mechanism by which how a protein searches for its
target sequence has been studied by numerous groups. On the basis of the theoretical
and experimental data, several diffusion-based models, including sliding,
hopping/jumping, and intersegmental transfer motions, to explain the movement of a
protein on the DNA have been established (Figure 1-5). On sliding, a protein moves
along DNA through one-dimensional diffusion with continuous contact with the DNA
[71, 72]. Hopping/jumping are used to describe the micro-dissociation of a protein from
the DNA with re-association with the same DNA substrate without diffusion into the
bulk solution [72]. Most re-bindings are short range "hops" back or near the original
dissociation site in a three-dimensionally manner [73]. Occasionally, a protein could
jump a long distance via dissociation and then rebind at a distal location on the same
DNA molecule [72]. Intersegmental transfer is a term that describes the movement of a
protein with two DNA-binding domains that interacts with two distal sites at the same
time, and then dissociates from one site [71, 72]. The distance between the two binding
sites has a mean step size of ~400 bp, as shorter separation is supposed to hinder the

bending/twisting of the intervening DNA [74, 75].

Regarding A3 proteins, the movement of A3G on ssDNA has been well studied. It
has been reported that the ssDNA scanning mode of A3G plays a vital role in inducing
mutagenesis of minus DNA formed during reverse transcription [76]. One group has
found that A3G uses intersegmental transfer to search its target sites [77]. However,
several individual groups have reported that A3G searches for its target sequence via
combined sliding and jumping [76, 78-80]. The scanning mechanism of another
anti-HIV factor, A3F, has also been elucidated by Ara and coworkers [81]. Both A3F
and A3G are processive enzymes and can deaminate two target sites on the same
ssDNA substrate, but the scanning mode of A3F is different from that of A3G. A3F
searches for the target cytosine by jumping, which is determined by a '“NPM'*

sequence. The scanning movements of other A3 proteins have not been revealed yet.
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3D diffusion (jumps)

short range jumps
(hops)

1D sliding

intersegmental

correlated
transfers

jumps

Figure 1-5. Schematic diagram of the different kinds of motion for a protein
undergoing facilitated diffusion via a non-specific interaction with the DNA, the protein
can randomly walk along the DNA backbone, effectively diffusing in one dimension
(sliding). When not interacting with the DNA, the protein performs three-dimensional
diffusion (hopping/jumping and intersegmental transfer). This figure is Figure 1A in
C.A.Brackley [82].

1.9 Objectives of this study

Among A3 proteins, the relationship of A3B with cancers is mostly noticeable. Given
the important biological roles of A3B in cancers, it is important to understand the
relationship between A3B and cancers, and how A3B causes tumorigenesis. In the case
of A3G, it has been reported that it slides and jumps along ssDNA, and deaminates the
target sequence with catalytic orientational specificity (3'—5' polarity) [78], which
provides a possible mechanistic explanation for the mutational distribution in vivo.
However, studies on A3B's movement remain limited. Further biochemical
characterization of A3B’s deamination properties are needed to reveal the link of A3B
with cancers. This thesis describes the deamination behavior of A3B-CTD toward
ssDNA substrates of different lengths and the different locations of the target sequences
in ssDNAs. On the basis of the experimental results, this thesis aims to reveal how

A3B-CTD searches for its target sequence in ssDNA.
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A3F is regarded as the second most efficient restrictor of HIV replication following
A3G. Previous studies were highly centered on the interaction between A3F and Vif, as
well as the development of a method or the finding of inhibitors to abolish this
interaction. However, information on the deamination characteristics of A3F remains
elusive. This thesis deeply focuses on the deamination properties of A3F-CTD and
provides a comprehensive view of the interaction between A3F-CTD with its substrate
ssDNA. Besides, the effect of the Vif complex in vitro on the deaminase activity of A3F

has also been studied in this work.
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Chapter 2

Observation by real-time NMR, and interpretation of length- and
location-dependent deamination activity of APOBEC3B

2.1 Introduction

Previously, our lab developed the real-time NMR method to monitor the deamination
reaction of A3G [48]. This method can directly detect a site-specific deamination
reaction and is very sensitive to weak interactions because high concentration of ssDNA
(mM order) is used for the NMR experiment. The NMR method could provide the high
spectral and time resolution to distinguish the multiple reactions and it could also
address the dynamical aspects of the reaction. The NMR method has been applied to
study the location- and sequence-dependence of the deamination by A3G and analyze
the 3'—5' polarity of A3G’s deamination [83]. According to various kinetic parameters
obtained by the real-time NMR method, a kinetic model of A3G has been established,
which rationally explains the 3'—5' polarity of A3G.

In this chapter, similarly, we used the real-time NMR method, combining the
biochemical methods, to study the deamination reaction of A3B-CTD. The length- and
location-dependent deaminase activity of A3B-CTD were measured. Different from the
case of A3G, A3B-CTD deaminates a target sequence in short ssDNA and the one
located close to the center of ssSDNA. On the basis of the weak ssDNA-binding affinity
of A3B-CTD, these results were rationally interpreted.

2.2 Results
2.2.1 A3B-CTD catalysis depends on the lengths of ssDNA substrates

We firstly used the uracil DNA glycosylase (UDG) assay to analyze the
ssDNA-length-dependent activity of A3B-CTD toward ssDNA substratew ranging in
size from 10 to 85 nucleotides (nt), each ssDNA containing a single 5-TC-3" target
sequence located near the center (Srirc 1085, Table 2.1). The ratio of A3B-CTD to
ssDNA was 1:4. The results were shown in Figure 3-1a and b. A3B-CTD activity is
high for short ssDNA,
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Figure 2-1. Length-dependent deamination of ssDNA by A3B-CTD. (a) Deamination
activities of A3B-CTD toward ssDNAs with different lengths were examined by UDG

assay. The length of each ssDNA is indicated at the top of the gel. The upper and lower

bands in each lane represent unreacted substrate and deamination product, respectively.

(b) Efficiency of the deamination for each ssDNA revealed by UDG assay. (c)

Deamination activities of A3B-CTD monitored by the real-time NMR method. H5-H6

TOCSY correlation peaks for 10 nt Strca (top) at 0 and 3.8 h, and 46 nt S;rrca (bottom)
at 0 and 16.3 h after addition of A3B-CTD are shown. Correlation peaks for a cytosine

and a produced uracil are labeled with C and U, respectively. (d) Time-courses of the

change in the intensity of a cytosine peak for Strca (green) and Syrrca (blue).

as the Figure 2-1b showed that the deaminase activity decreases monotonically between
10 nt and 30 nt and then keeps constant with longer ssDNA(>30 nt). We also applied
the real-time NMR method to monitor the time-course of the intensity of the H5-H6
TOCSY correlation peak of the cytosine of 10 nt (Strca, Table 2.1) and 49 nt (Smrrca,
Table 2.1) ssDNA (Figure 2-1c¢ and d). It was indicated that the target sequence in Strca

is deaminated completely within 4 h, while in case of Syrrca, about 40 % of the
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substrate still remained unreacted after 16 h. These results clearly indicate that

A3B-CTD has a tendency to efficiently deaminate a target sequence in short sSDNA.
2.2.2 A3B-CTD interacts with ssDNA with weak binding affinity

To better understand the mechanism of the ssDNA length-dependency of A3B-CTD,
we investigates the binding characteristics of A3B-CTD to ssDNA. The binding affinity
of A3B-CTD with ssDNA was initially measured by electrophoretic mobility shift assay
(EMSA). For comparison, A3F-CTD, which shares the same target sequence with
A3B-CTD, was used. Different lengths of ssDNA substrates (Sgirc 1085, Table 2.1) were
used. The EMSA results showed the band of the A3F-CTD:ssDNA complex (Figure
2-2a), suggesting A3F-CTD efficiently binds ssDNA with the length of 10 - 85 nt.
However, in case of A3B-CTD, no band of A3B-CTD:ssDNA complex was observed
(Figure 2-2b), indicating the low binding affinity of A3B-CTD with ssDNA.

We also carried out fluorescence anisotropy (FA) measurement which is much more
sensitive than EMSA method, to detect the binding affinity. 49 nt FITC-labeled ssDNA
(Srrrc 49, Table 2.1) was used as the substrate (Figure 2-2¢). The FA value increased
upon addition of A3F-CTD, indicating formation of a complex, which consists with the
EMSA result. A3B-CTD titration, however, caused no change in the FA value. These
results indicate that the binding affinity of A3B-CTD to ssDNA is too weak to be
detected. In our previous study on A3G-CTD, the band of the complex with ssDNA was
detected by EMSA analysis, and the dissociation constant, K4, was determined to be ca.
0.1 mM [48]. For A3B-CTD, the band of the complex with ssDNA was not detected,
which suggested that ssDNA-binding affinity of A3B-CTD is weaker than that of
A3G-CTD. Therefore, for the discussion below, we assume the Ky value of 1 mM for
the A3B-CTD:ssDNA complex, which is larger than that for A3G-CTD:ssDNA

complex by one order.
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Figure 2-2. Binding assays of A3F-CTD and A3B-CTD with ssDNAs of different
lengths. (a) EMSA analysis of A3F-CTD with TC-containing ssDNA substrates (100
(Table 2.1): 10 nt (SFITC_IO); 15 nt (SFch_15); 22 nt (SFITC_ZZ);
30 nt (SFITC_3O); 49 nt (SFITC_49); 67 nt (SFITC_67); 85 nt (SFITC_85)- Lanes: 1, 4, 7, 10, 13,
16, 19, no A3F CTD; 2, 5, 8, 11, 14, 17, 20, 1 uM A3F CTD; 3, 6, 9, 12, 15, 18, 21, 3
uM A3F-CTD. The positions of A3F-CTD-bound ssDNA and free ssDNA are indicated.
(b) EMSA analysis of A3B-CTD with TC-containing ssDNA substrates of various
lengths, as described in (a). (c) Fluorescence anisotropy analysis of binding of either
A3F-CTD or A3B-CTD to ssDNA (Srirc 49, Table 2.1). The fluorescence anisotropy is
plotted against the ratio of either A3F-CTD (black triangles) or A3B-CTD (black circles)

nM) of various lengths

to Srrrc_49.

2.2.3 A3B-CTD catalysis depends on the location of the target sequence on ssDNA

Since A3G shows 3'—5' polarity, we examined whether the deamination of

A3B-CTD has polarity or not. Three different ssDNA substrates were used, Sstrca,
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Smrrca, and Ssrrea (Table 2.1),  having a single target sequence at a region close to the
5'-end, center, and 3’-end, respectively. The intensity of the peak of cytosine in the
5'-TC-3' target sequence was plotted for each ssDNA against time. The substrate Syrrca,
which has a target sequence near the center, is deaminated most efficiently by A3B
(Figure 2-3). This is quite different from the case of A3G, in which a target sequence

located closer to the 5'-end is deaminated more effectively.
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Figure 2-3. Real-time NMR monitoring of deamination reactions catalyzed by
A3B-CTD. (a) Three ssDNA substrates containing a single target sequence at a region
close to the 5-end (red), center (cyan), and 3'-end (purple) were shown. (b)
Deamination activities of A3B-CTD toward these three ssDNAs were monitored by the
real-time NMR method. H5-H6 TOCSY correlation peaks for 46 nt Ss trca at 0 and
98.5 h (left), 46 nt Syyrrca at 0 and 25 h (middle), and 46 nt S3rrca at 0 and 97.5 h (right)
after addition of A3B CTD are shown as representatives, respectively. Correlation peaks
for cytosines and produced uracils are labeled. (c) Time courses of the intensity of the
target cytosine during deamination for C8 (@) of Sstrca, C24 (m) of Sprrca, and C36
(A) of S3rrrca, respectively.
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To further validate the location-dependent deaminase activity of A3B-CTD, we
subsequently performed real-time NMR analysis using an ssDNA containing two target
sequence, Sy (Table 2.1). The target sequences in Sy are located near the 5'-end and
center, respectively. We first confirmed by UDG assay using Sgirc 1 and Sgire 2 (Table
2.1) that the difference in the sequences of the flanking regions does not affect the
deaminase activity ( Figure 2-4). It was also confirmed that no peak is observed in the
amino proton region of 10 - 13 ppm for S (Figure 2-5). This indicated that no base pair
is formed for S, which excluded the possibility that Si folded into structures. Then,
real-time NMR analysis showed that C36 in the target sequence near the center is
deaminated more efficiently than C8 in the target sequence near the 5'-end (Figure 2-6a
and b), which is the same observation as Figure 2-3a. Next, we introduced a twenty
base-pair double-stranded DNA (dsDNA) region to downstream of the central target
sequence in Sg and obtained Sy (Table 2.1), and examined the deaminase activity. It
turned out that the location-dependence of deaminase activity was significantly lost on

the introduction of the dsDNA (Figure 2-6¢ and d).

100+
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20
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Figure 2-4. Deaminase activities of A3B-CTD toward two units of Si. Deaminase

activities of A3B-CTD toward Sgrrc 1 and Sgirc 2 (Table 2.1), which are two units of S,
were measured by UDG assay.
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Figure 2-6. Deaminase activities of A3B-CTD toward S and Sy4s by real-time NMR
method. (a) H5-H6 TOCSY correlation peaks for Si at 0 h, 10.2 h, and 51.2 h after
addition of A3B-CTD are shown as representatives, respectively. (b) Time courses of
the intensity for C8 (e) and C36 (A) of Sg. (c¢) Superposition of H5-H6 TOCSY
correlation peaks for Sy at 1.5 h (green) and 27 h (blue) after addition of A3B-CTD. (d)
Time courses of the intensity for C8 (®) and C36 (A) of Sy. Correlation peaks for
cytosine and produced uracil are labeled, respectively.

2.3 Discussion

Generally, protein scans on ssDNA via three manners, sliding, hopping/jumping, and
intersegmental transfer [71, 72]. In this study, we propose that A3B-CTD binds ssDNA
nonspecifically as in the case of A3G [79], then A3B-CTD scans ssDNA via either
sliding, hopping/jumping, or intersegmental transfer. Here, we take sliding mode as an

example to interpret our results.

To interpret the ssDNA-length-dependent deamination activity of A3B-CTD, we
consider two substrates, 15 nt ssDNA (Figure 2-7a) and 45 nt ssDNA (Figure 2-7 b - d),
both having a single 5'-TC-3' target sequence at the center. 45 nt ssDNA can be
considered to comprise three sections, D1, D2, and D3. Considering the weak affinity
of A3B-CTD, the K4 value for the A3B-CTD:15 nt ssDNA complex is tentatively
assumed to be 1 mM. The total concentrations of A3B-CTD and ssDNA applied for
real-time NMR analysis (Figure 2-1c and d) were 1 uM and 200 uM, respectively.
Under these conditions, the concentrations of A3B-CTD bound to ssDNA were
calculated to be 0.165 uM for 15 nt ssDNA and 0.375 uM for 45 nt ssDNA, where 200
uM x (45 nt / 15 nt) = 600 uM was used as the effective concentration of 45 nt ssDNA.
Accordingly, A3B-CTD bound at each 15 nt section (D1, D2, or D3) of 45 nt ssDNA
could be deduced to be 0.125 uM (one-third of 0.375 uM). We assume, as mentioned
above, for simplicity, that all A3B-CTD that bound to 15 nt ssDNA (DO0) can reach the
target sequence in DO through sliding (Figure 2-7a). This means that A3B-CTD can
slide along ssDNA by 7 nt without dissociation. The number of 7 nt was taken as one of
the realistic numbers on the basis of the result of Figure 2-1b. It is similarly supposed
that all A3B-CTD that bound to the D2 section of 45 nt ssDNA (0.125 uM) can reach
the target sequence in D2. It is supposed that A3B-CTD that bound to D1 (or D3)
section slides along ssDNA, but that it mostly dissociates from the ssDNA before

22



reaching the D2 section, because of the weak affinity (Figure 2-7 b or d). We assume,
for example, that only 5% of A3B-CTD that bound to the D1 (or D3) section can reach
the D2 section ("survival"). In this case, the concentration of A3B-CTD that bound to
D1 (or D3) and slides over to D2 to reach the target sequence in estimated to be 0.125
uM x 0.05 = 0.00625 uM. Therefore, the expected concentration of the A3B-CTD that
can reach the target sequence in 45 nt ssDNA for possible deamination is 0.125 uM + 2
x (0.125 uM x 0.05) = 0.138 uM. This value is smaller than the concentration of
A3B-CTD that reaches the target sequence of 15 nt ssDNA (0.165 uM). This coincides
with the fact that 15 nt ssDNA is deaminated with higher activity than 45 nt ssDNA.
The essence is that although D1 and D3 of 45 nt ssDNA serve as landing points to
recruit A3B-CTD to the target sequence in D2, they act more as competitors for binding
of A3B-CTD to the target sequence in D2 and thereby reduce the concentration of
A3B-CTD that reaches the target sequence in D2. This is due to the relatively short
distance of sliding of A3B-CTD as a result of weak affinity. Thus the
ssDNA-length-dependent deaminase activity of A3B-CTD can be rationally interpreted.

Besides sliding, hopping/jumping may also be used for A3B CTD to search for the
target sequence. This possibility is not excluded. Even in that case, the
ssDNA-length-dependent deaminase activity can be explained basically in the same way.
It was noticed in Figure 2-1b that the deamination efficiency reached the plateau level at
the length of 30 nt, the efficiency being basically the same for longer ssDNAs. One
possible interpretation is that the intersegmental transfer of A3B CTD occurs and
contributes to the target search for longer ssDNAs. Intersegmental transfer is known as
a phenomenon that the protein moves between two sites widely separated along the
DNA contour but closely spaced in three dimensions[72, 84]. For longer ssDNA, two
sites widely separated along the ssDNA contour can be closely spaced in three
dimensions because of easiness of looping for longer ssDNA. Thus, the intersegmental
transfer of A3B CTD could occur for longer ssDNAs, resulting in the efficient target
search and deamination. This may compensate for the reduction in deamination
efficiency caused by the competitive effect of longer ssDNAs. The contribution of the
intersegmental transfer to the deamination was suggested for A3G [77] and

activation-induced deoxycytidine deaminase [85].
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To interpret the location-dependent ability of deamination by A3B-CTD, we consider
three cases, in which 45 nt ssDNA has a single target sequence in either the D1, D2, or
D3 section (Figure 2-7 e - g). First, the case in which the target sequence is located in
D2 (Figure 2-7f) is considered. It is supposed again, for simplicity, that all A3B-CTD
that bound to D2 could reach the target sequence through sliding (Figure 2-7f middle).
It is supposed, however, that most A3B-CTD that bound to D1 (or D3) cannot reach the
target sequence due to dissociation during sliding (Figure 2-7f top or bottom). Secondly,
the case in which the target sequence is located in D1 (Figure 2-7¢) is considered. It is
supposed similarly that all A3B-CTD that bound to D1 can reach the target sequence
(Figure 2-7e top). Most A3B-CTD that bound D2, however, is supposed not to be able
to reach the target sequence due to dissociation (Figure 2-7e middle). It should be noted
that it is even more difficult for A3B-CTD that bound to D3 to reach the target sequence,
because the distance between the target sequence in D1 and A3B-CTD bound at D3 is
greater and thus the possibility of dissociation during sliding is higher (Figure 2-7e
bottom). In total, the concentration of A3B-CTD that reaches the target sequence is
higher for the case in which the target sequence is in the central section, D2, than for the
case in which the target sequence is in the left section, D1. Thirdly, the case in which
the target sequence is located in D3 (Figure 2-7 g) should exhibit a similar situation as
for the case in which the target sequence is located in DI1. In summary, a target
sequence located at the centre of ssDNA has more chance to meet A3B-CTD for
possible deamination than one located close to either the 5'-end or 3’-end. The essence
is when the target sequence is at the center, it has two DNA regions, one on both sides
that serve to recruit A3B-CTD, while when the target sequence is close to either 5'-end
or 3'-end, it has only one DNA region on one side that serves for recruitment. In this
way, the location dependent deamination activity of A3B-CTD can be rationally

interpreted.
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Figure 2-7. Description of the target search by A3B-CTD with binding, sliding,
dissociation, and survival of sliding. (a) A case of 15 nt ssDNA (DO0). (b - d) Cases of 45
nt ssDNA that comprises three 15 nt sections (D1, D2, and D3), having a target
sequence, 5-TC-3', in D2. A3B CTD binds to either D1 (b), D2 (c) or D3 (d),
respectively. (e - g) Cases of 45 nt ssDNA which has the target sequence in either D1
(e), D2 (f), or D3 (g), respectively. A3B CTD binds to either D1, D2 or D3 in each case.
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Furthermore, Figure 2-6b and d confirmed our interpretation. A3B reported does not
interact with dsDNA [86], therefore, we assume that there is no landing point
downstream of C36 for seven adenosine residues. When the dsDNA region and the
following ssDNA region in a 3’-end are ignored, C8 and C36 are symmetrically located
as to each other with respect to the center of the remaining ssSDNA region of Sg4s. Thus,
the concentration of A3B-CTD that reaches either C8 or C36 of S4s should be basically
the same, which rationally explains the results. It should be added that the deaminase
activity increased for both C8 and C36, when the duplex was introduced (Figure 2-6d).
The introduced duplex may repress the flexibility of a whole DNA including the
single-stranded regions to some extent. This may enhance the deaminase activity
through the stabilization of the complex. In fact, the similar enhancement of the activity

at two different sites on introduction of the duplex was observed for A3G as well [83].

Observation of similar deaminase activity of A3B-CTD for a target sequence located
close to either the 5'- or 3'-end revealed that A3B does not exhibit 3'—5' polarity. We
previously observed 3'—5' polarity for A3G-CTD[83]. We discussed that a bump
hanging over one side of the catalytic pocket may be responsible for the 3'—5' polarity
(Figure 2-8a). The surface around the catalytic pocket of A3B-CTD does not have a
bump (Figure 2-8b), having no bump as an obstacle, no matter from which direction
A3B-CTD approaches the target motifs on ssDNA, the cytosine within the target motif
may always be accommodated into the catalytic pocket. The bump around the catalytic
pocket is not present for the chimera A3F-CTD bound to ssDNA[65]. Therefore, we
suppose that this structural feature of A3B-CTD causes the lack of the 3'—5' polarity.

Recently, it has been reported that A3B and other A3 family proteins preferentially
deaminate the lagging strand template during DNA replication [87-89], although it is
supposed that single-stranded DNA binding proteins cover the DNA during the
replication and that so the accessibility of ssDNA segments to A3B and other enzymes
is rather blocked. In the course of DNA replication, for the lagging strand template,
there transiently exist multiple short ssDNA regions that are not base-paired by Okazaki
fragments and exposed to the solvent [90]. The target sequence present in these short
ssDNA regions of the lagging strand template may be effectively deaminated by A3B

that shows higher activity toward its target sequence in short ssDNA, resulting in the
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genomic DNA lesion related to cancers. The unique properties of A3B may have such a

biological relevance.

{a}
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Figure 2-8 Structural comparison of A3G-CTD and A3B-CTD. (a) The catalytic pocket
of A3G-CTD (PDB: 3E1U) includes a zinc ion (green) and Glu259 (yellow), which are
important for the activity. There is a putative bump near the catalytic pocket of
A3G-CTD (highlighted by a red line). (b) The catalytic pocket of A3B-CTD (PDB:
2NBQ) includes a zinc (green) and Glu255 (yellow). Glu255 cannot be seen on the
surface due to the smaller catalytic pocket. The surface near the catalytic pocket is flat
and the putative bump observed in A3G-CTD is not present.

2.4 Conclusions

In this chapter, we investigated the characteristics of the enzymatic reaction of
A3B-CTD by combining a real-time NMR method, UDG assay, EMSA assay, and FA
measurement. It turned out that the length- and location-dependence of the deaminase
activity of A3B-CTD are quite different from those of A3G-CTD. On the basis of the
weak affinity of A3B-CTD to ssDNA, these characteristics were rationally interpreted.
The biological relevance of the unique characters of A3B-CTD is implied. Finally, our
real-time NMR method should be applicable to other enzyme systems to provide us

with new insights into the behavior of enzymes.
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2.5 Experimental procedures

2.5.1 Oligonucleotides and Plasmids

All of the ssDNA substrates used in this study including fluorescein isothiocyanate

(FITC)-labeled ssDNA substrates that were obtained from FASMAC Co., Ltd.

(Kanagawa, Japan) are listed in Table 2.1.

Table 2.1 Oligonucleotides used in this study

Name Sequence” (5'—3")

Srirc 10 *ATATTCAAAG

Skitc 15 *TGATATTCAAAGAGT

SriTC 22 *AAAGTGATATTCAAAGAGTAAA

Srrrc 30 *AAAGAGAAAGTGATATTCAAAGAGTAAAGT

Srrtc 49 *ATAATAATAATAATAATAATAATATTCATTTATAATAATAATAATAATA

Serrc 6 *ATAATAATAATAATAATAATAATAATAATAATAATAATAATATTCATTT
- ATAATAATAATAATAATA

Srrrc 55 *ATAATAATAATAATAATAATAATAATAATAATAATAATAATATTCATTT
- ATAATAATAATAATAATAATAATAATAATAATAATA

Strea AAATTCAAAG

Smrrca AuTTCAA,

Sstrca AAAAATTCAAj,

Sy1rCa A3 TTCAAAAAAA

SriTc 1 *ATATATTCATAAAAA

SriTC 2 *AAAAATTCAAAAAAA

Ses ATATATTCATABTTCA; TGTATGGTTATGGTGGTGTAA,

Sa. ATATATTCATA»TTCASATGTATGGTTATGGTGGTGTAA,

ACATACCAATACCACCACAT

*sequences that are labeled with FITC at 5" end.
* the target cytosine of the TC sequence is in bold and underlined.

The gene encoding wild type (wt) A3B-CTD (residues 187-382) and A3F-CTD

(residues 187-373) were synthesized with codons optimized for expression in BL21

(DE3) Gold (Thermo Fisher Scientific, Japan) and individually inserted into the

Ndel/EcoRI sites of pET28b (+) vector containing an N-terminal hexahistidine-tag.

2.5.2 Proteins expression and purification

BL21 (DE3) Gold was transformed with the prepared pET28b (+) expression vectors.

The cell culture of an A3B-CTD-expressing transformant was grown at 37°C. The

28



temperature was set to 20°C and a final concentration of 0.3 mM isopropyl
B-D-1-thiogalactopyranoside was added at ODgoy = 0.6. Then the cell culture was
incubated for another 20 h and harvested. The precipitated cells were re-suspended in
lysis buffer (50 mM Tris-HCI (pH 8.0), 1 M NaCl, 5 mM 2-mercaptoethanol, 10 % (v/v)
glycerol, 4 mM MgCl,, and 20 mM imidazole) supplemented with 5 units mL™ DNase I,
1 pg mL™" RNase H, and 0.2 mg mL™ lysozyme. Subsequently, the cell suspension was
sonicated and the insoluble fraction was removed by centrifugation at 50,000 g for 30
min at 4°C. The soluble fraction was then applied to an Ni-Sepharose resin column (GE
healthcare), washed with 50 mM Tris-HCI buffer (pH 8.0) containing 500 mM NacCl, 5
mM 2-mercaptoethanol, 10 % (v/v) glycerol, and 20 mM imidazole, and then eluted
with 50 mM Tris-HCI buffer (pH 8.0) containing 500 mM NaCl, 5 mM
2-mercaptoethanol, 2 % (v/v) glycerol, and 250 mM imidazole. The fractions
containing A3B-CTD were pooled and concentrated with Amicon Ultra-15 centrifugal
filter units (MWCO, 3500 kDa; Merck Millipore), and further purified on a HiLoad
16/60 Superdex 75 PG column (GE healthcare), equilibrated with 20 mM Tris-HCI
buffer (pH 8.0) containing 100 mM NaCl and 5 mM DTT. The expression and
purification of A3F-CTD were performed as previously described with modifications
[56]. The purities of A3B-CTD and A3F-CTD were confirmed by sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE), both of which reached approximately 98%.

2.5.3 In-vitro cytosine deamination assay

The deamination assay of A3B-CTD against ssDNA substrates was performed as
described previously[91], described hereinafter as UDG assay. The ssDNA substrates
were dissolved in deamination buffer (15 mM Tris-HCI (pH 7.5), 50 mM NaCl and 5
mM DTT) to give a final concentration of 2 uM, and A3B was added to make the molar
ratio of A3B-CTD : ssDNA = 1:4. The deamination reaction was undertaken at 37°C for
30 min. The reaction was terminated at 95°C for 5 min. Then, two units of UDG (New
England Biolabs) were added to the solution, followed by further incubation at 37°C for
1 h. Subsequently, a final concentration of 0.2 M NaOH was added, followed by
incubation at 37°C for 20 min. Finally, the equal volume of 2 X loading buffer (42 %
(w/v) urea, 0.25 % (w/v) bromophenol blue) was added to the reaction and incubated at

95°C for 5 min. The reaction products were resolved on a 20 % urea-polyacrylamide
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(Urea-PAGE) gel (Table 2.2 and note), and the obtained bands were visualized using a
Pharos FX'™ Molecular Imager (BIO-RAD) and quantified with Quantity One 1D
analysis software. The fraction of a deaminated product as a percentage was calculated
as the ratio of product intensity over total intensity. Error bars were obtained through

three independent experiments.

Table 2.2 Competent of 20% Urea-PAGE (10 mL)

competent amount
urea 42¢
40 % acryamide (19:1) 5 mL
10 x TBE* 1 mL
10% ammonium persulphate 100 uL
TEMED 3uL

* 100 mL 10 xXTBE: 10.9 g tris (hydroxymethy)
aminotongue, 5.56 g boric acd, 0.04 M EDTA-3Na

Note:

1. According to different length of nucleic acid, different concentration of gels are used:
20 % for <10 mer, 20 - 16 % for 10 - 20 mer, 16 - 12 % for 20 - 30 mer, 12 - 10 % for
20 - 40 mer, 10 - 8 % for 40 - 70 mer.

2. Before loading the samples into the wells of gels, pre-running the gel at 15 mA for 30
min (for one gel), then 20 mA for 30 - 60 min after loading the samples.

2.5.3 Annealing oligonucleotides to ssDNA

Equal concentrations of Sy (Table 2.1) and 20 nt oligonucleotides
(5'-TACACCACCATAACCATACA-3") (15 uM) were mixed in buffer of 10 mM
TrisHC1 (pH 8.0), 50 mM NaCl, and 1 mM EDTA (pH 8.0). The procedures of
annealing was shown in Figure 2-9a. After annealing, the product was dialyzed against
ddH,O using GeBaFex-tube (1 kDa MWCO, Gene Bio-Application L. T. D, Israel), and
then concentrated. The concentrated product was checked using native PAGE as
described in Table 2.2 without adding urea. The native PAGE result was shown in
Figure 2-9b. From Figure 2-9b, the band of S4s immigrates slower than S,.;, indicating

that the 20 nt oligonucleotide was annealed into Sy successfully.
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(a) (b)

Sds
S$2-1

98°C

Smin

-1°Ci2 min

oligonucleotide

Figure 2-9. Annealing oligonucleotide to ssDNA. (a) The procedure for annealing. (b)
Checking the product using native PAGE (20%). Lane 1, oligonucleotide; Lane 2,
ssDNA S,.;; Lane 3, the product Sgs.

2.5.4 Real-time NMR spectroscopy

All the ssDNA substrates used for NMR experiments (Table 2.1) were synthetized,
purified, and desalted by FASMAC Co., Ltd. (Kanagawa, Japan). Sy, in which a 20
nt-dsDNA segment was introduced within the 3'-region of Sy, was prepared by 2.5.3.
Each ssDNA substrate was dissolved in 15 mM Tris-HCI buffer (pH 7.5) containing 50
mM NaCl and 5 mM DTT to give a final concentration of 200 uM. The deamination
reaction was started by adding A3B-CTD to this solution in the ratio of
A3B-CTD:ssDNA = 1: 200. All NMR data were recorded using a Bruker AVANCE III
600, equipped with a Z-axis gradient cryoprobe (Bruker Biospin). Sequential
measurement of 1H-1H two-dimensional TOtal Correlation SpectroscropY (2D TOCSY)
spectra was performed at 298 K with a mixing time of 20 ms to monitor the time course
of the reaction. The signal intensities of the H5-H6 correlation peaks of the cytosines
were quantified with Sparky [92]. The real-time NMR data were fitted to 7 (2) = Iy exp
(-kt), where I is the initial intensity and k is the deamination rate constant [48]. /o, £,

and error bars were obtained by nonlinear least-squares analysis [93].
2.5.6 Electrophoretic mobility shift assay

Each of the FITC-labeled ssDNA substrates of various lengths (Table 2.1) was
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dissolved individually in 15 mM Tris-HCI buffer (pH 7.5) containing 50 mM NaCl and
either 1 mM TCEP (for A3F-CTD) or 5 mM DTT (A3B-CTD). Either A3B-CTD or
A3F-CTD was added to each of these solutions. The concentration of the proteins was
either 1 uM or 3 uM and that of FITC-labeled ssDNA substrates was 100 nM in a 10
pL volume. These reaction solutions were incubated at 25°C for 1 h. Aliquots of each
solution were loaded onto a 20% native polyacrylamide gel comprising 95 mM
Tris-borate and 4 mM EDTA. Pre-running the gel at 4 °C (15 mA for one gel) without
loading the samples, and then the gels were run at 4°C (15 mA) until the bromphenol
blue dye had migrated about 2/3 through the gel. The obtained bands were visualized
using a Pharos FXTM Molecular Imager (BIO-RAD) and quantified with Quantity One

1D analysis software.
2.5.7 Steady-state fluorescence anisotropy measurement

Formation of a complex between either A3B-CTD or A3F-CTD mutants with 49 nt
FITC-labeled ssDNA (Sgirc 49, Table 2.1) was monitored by means of steady-state
florescence depolarization using an FP-8500 spectrofluorometer (JASCO Asia Portal).
400 nM Sgirc 49 was dissolved in 15 mM Tris-HCI buffer (pH 7.5) containing 50 mM
NaCl, and 5 mM DTT. These DNA solutions were titrated with either A3B-CTD or
A3F-CTD mutants at 25°C. A sample at each titration point was excited with vertically
polarized light at 490 nm, and both vertical and horizontal emission were monitored at
520 nm. Fluorescence anisotropy (7) is defined as: » = (I;; - 1.)/( Iy + 21.), where I} is
the intensity of emission parallel to the plane of the excitation light and 7/, is the
intensity of emission perpendicular to the plane of excitation. The » value was plotted

against the ratio of protein to Strca 49.
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Chapter 3

Influence of the DNA sequence and pH on deaminase activity, as well as the roles

of the amino acid residues around the catalytic center of APOBEC3F
3.1 Introduction

As one of the double-domain proteins, A3F is recognized to have efficient anti-HIV-1
activity as A3G. A3 proteins show their anti-HIV-1 activities via deaminase activities.
A3 proteins act on ssDNA and deaminate cytosine into uracil, leading to the
hypermutation in ssDNA, which disrupts the genome. Therefore, it is significant to
study the interaction between A3 proteins and nucleic acid. Up to now, several groups
have reported the interface of A3A or A3G with ssDNA using NMR titration or
site-mutagenesis analysis [43, 44, 48, 52]. And there are also studies on the binding
abilities of A3B and A3F to ssDNA [14, 49]. The co-structures of A3A:ssDNA[65-67],
chimera A3B-CTD:ssDNA[65], as well as A3G-NTD:ssDNA[61], have also become
available, such as, however, little information on deamination characteristics of A3F.
Since it is extremely difficult to express and obtain soluble and stable full-length A3F or
A3F-CTD, it becomes challengeable to solve the structure of the A3F:ssDNA complex
by X-ray or NMR method. To clearly elucidate the deamination characteristics of A3F,
in this study, we have systematically analyzed the properties of the deaminase activity
of A3F-CTD, together with the roles of the amino acid residues located close to the
catalytic center in deaminase activity and ssDNA binding. The current study allows the
basic characterization of the deamination by A3F-CTD, together with a deeper insight

into the roles of key amino acid residues in A3F in deamination.
3.2 Results
3.2.1 Preparation of an active A3F-CTD

A soluble and stable A3F-CTD is difficult to express and purify using an Escherichia
coli expression system. Previously, L-Arginine (300 mM) was used to improve the
solubility and stability of an A3F-CTD, which had an N-terminal GST tag attached [56].
In this study, we simplified the purification method as described in 3.5.2. We expressed

the wt A3F-CTD connected with an N-terminal hexahistidine-tag in Escherichia coli,
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and purification was performed using a high concentration of L-Arginine (300 mM).
Although the yield of the A3F-CTD was low, the obtained A3F-CTD was active, as
evaluated by in vitro cytosine deamination assay (Figure 3.1a). Following the same

method, the A3F-CTD mutants used for our studies were xexpressed and purified.
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Figure 3-1. The dependence of A3F-CTD deaminase activity on the sequence of the
substrate. (a) The deamination percentage (%) with A3F CTD at 1 h was obtained as
described under Experimental Procedures and plotted against increasing amounts of
A3F-CTD. (b) The deamination percentage with A3F-CTD at 1 h for 49 nt ssDNA
substrates containing the following sequences at the center: TTCA, TTCG, TTCT,

TTCC, GTCA, CTCA, and ATCA. 1,000 nM A3F-CTD and 100 nM ssDNA were used
as substrates.

3.2.2 Sequence context-dependent deaminase activity

A3F has a strong preference for for 5-TC-3" dinucleotides (TC), but not all TC sites
can be deaminated by A3F with equal efficiency [94, 95]. To identify the most preferred
sequence for A3F-CTD's deamination, we synthesized seven 49 nt ssDNAs containing a
centrally located TC motif flanked by various sequences (Table 3.1). Firstly, the
nucleotide on 5’ side of TC was fixed as T, and that on 3’ side were changed to A, G, T
or C, respectively. As shown in Figure 3-1b, TTCA and TTCG exhibited higher
activities than other two sequences. Replacement of the nucleotide on the 3’ side with
T/C resulted in reduction of deamination, suggesting A/G are preferred over T/C on the
3’ side. Then the nucleotide on 3’ side of TC was fixed as A, and that on 5’ side was
changed to A, G, T or C, respectively. Compared with TTCA, the replacement of the
nucleotide on the 5’ side with G, C or A resulted in ~4.5, ~9 and ~3-fold decreases in

deamination, respectively. These results indicate that A3F-CTD most prefers TTCA/G
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as the deamination target sequences.
3.2.3 Roles of amino acid residues in loop 1

To evaluate the roles of the amino acid residues that are close to the catalytic center
(Figure 3-2), we examined the deaminase activities and ssDNA-binding affinities of the
mutant A3F-CTD proteins by means of UDG-based cytosine deamination assay and
steady-state fluorescence anisotropy measurement. In A3 proteins, the conformation of
loop 1 is reportedly important for substrate recognition [11, 96, 97]. Here, we assumed
that the three positively charged amino acid residues in loop 1, R208, K209 and R213
(Figures 3-2 and 3-3a), may be responsible for binding to ssDNA, which has negatively
charged phosphate groups. We replaced each of these positively charged amino acid
residues with a negatively charged glutamate residue, to obtain mutants, R208E, K209E
and R213E (Figure 3-3b), and examined the deaminase activity of each mutant (Figure
3-3c). Compared to the wt A3F-CTD, the R208E and K209E mutants exhibited
~10-fold and ~2-fold reduction of the deaminase activity, respectively. The R213E
mutant, in which the arginine that is well conserved throughout A3 family proteins was
replaced, exhibited the minimal detectable deaminase activity. The ssDNA-binding
assay showed that all three mutants exhibit reduced ssDNA-binding affinities compared
to the wt (Figure 3-3d). The deaminase activity is determined by two factors,
ssDNA-binding affinity and catalytic efficiency. Thus, the reduced deaminase activities

of these three mutants are supposed to be due to their reduced ssDNA-binding affinities.
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Figure 3-2. The residues of A3F-CTD that were mutated in this study are shown in
cyan on the crystal structure of A3F-CTD (PDB: 3WUS). A purple sphere indicates the

catalytic zinc coordinated by H249, C280, C283, and a water molecule. The catalytic
residue, E251, is also shown.
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Figure 3-3. The roles of the three amino acid residues in loop 1 in deaminase activity
and binding affinity. (a) A close-up view of the A3F-CTD structure (PDB ID: 3WUS).
The positions of the three amino acid residues in loop 1 mutated in this study are
colored cyan. (b) SDS-PAGE analysis of the purified wt A3F-CTD, and the R208E,
K209E and R213E mutants are shown. Normalized deamination percentage at 1 h(c)
and binding (d) of the A3F-CTD mutants in loop 1 with 49-TTCA substrate. Error bars
were obtained through three independent experiments.

CD spectra of R208E and R213E for which the significant decrease in the deaminase
activity was found were recorded (Figure 3-4). These CD spectra were basically similar
to that of wt A3F-CTD. This suggested that overall folding was preserved even for these
mutants and that the decrease in the activity was not due to destabilization of overall
folding by mutation. Similarly, CD spectra were also recorded for mutant A3F-CTDs
for which the significant decrease in the deaminase activity was found in the following
sections (Figure 3-4). For all of them, their CD spectra were basically similar to that of
wt A3F-CTD. This suggested that the decrease in the activity for these mutants was not

due to destabilization of overall folding by mutation, either.
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Figure 3-4. CD spectra of wild type and mutant A3F-CTDs whose deaminase activities
were significantly low.

3.2.4 Roles of amino acid residues in loop 3

Loop 3 in A3 proteins reportedly plays critical roles in deaminase activity[31, 44, 52].
In this study, we focused on two special amino acid residues located in loop 3 of
A3F-CTD, N240 and H247 (Figures 3-2 and 3-5a). N240, located at the N-terminal end
of loop 3 is highly conserved throughout the zinc-dependent cytosine deaminase family
(Figure 3-5b, left panel). In other zinc-deaminases, the equivalent residues N244 of
A3G-CTD, N42 of TadA, and N54 of CDA, are in direct contact the target substrate [44,
68, 98]. To investigate the role of N240 in A3F, three mutants, N240A, N240D and
N240Q, were prepared, respectively (Figure 3-5b, right panel). All three mutants
showed very weak deaminase activity: N240D, which had lost the amino group, and
N240Q, which had gained a methylene group, retained only ~4.5% of the wt
A3F-CTD's activity; N240A, which had lost the functional groups, lost the activity
completely (Figure 3-5c). These results strongly indicate that the side chain of the N240

residue is critically important for the deaminase activity

As shown in Figures 3-2 and 3-5a, H247 is close to the zinc-binding site, and the

deaminase activity increased on substitution of this histidine into arginine (Figure 3-5c¢).
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The deaminase activity of another mutant, H247A (Figure 3-5b, right panel), was ~70%
of that of the wt A3F-CTD (Figure 3-5¢). All the mutants, as to the N240 and H247
residues showed slight changes in the ssDNA-binding affinity (Figure 3-5d). This
indicates that the deficient deaminase activity of these mutants is caused by defective

catalytic efficiency.
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Figure 3-5. The roles of the two amino acid residues in loop 3 in deaminase activity and
binding affinity. (a) A close-up view of the A3F-CTD structure. N240 and H247 in loop
3, mutated in this study, are colored cyan. (b) Sequence alignment of the residues in
loop 3 of the human A3 proteins is shown on the left: A3F numbering is shown at the
top, the conserved Asn residue is shown in red. SDS-PAGE analysis of the purified
proteins is shown on the right. Normalized deamination percentage at 1 h(c) and
binding (d) of the A3F-CTD mutants in loop 3 with 49-TTCA substrate. Error bars were
obtained through three independent experiments.

3.2.5 Roles of amino acid residues in or near loop 7

Loop 7 has been suggested to be the primary determinant of specific recognition of a
DNA substrate by A3 proteins. When loop 7 was swapped between two different A3
proteins, the DNA sequence specificity was also exchanged [55, 64]. Here, we focused
on five amino acid residues in or near loop 7, W277, Y307, Y308, W310 and K367
(Figures 3-2 and 3-6a and b). Alanine mutagenesis of W277, Y307 and Y308 resulted in
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no detectable or minimal deaminase activity (Figure 3-6¢), suggesting the side chains of
these amino acid residues are critical for the deaminase activity. The ssDNA-binding
affinities of Y307A and Y308A were the same as that of the wt A3F-CTD, while that of
W277A was just slightly weaker (Figure 3-6d), This indicates that the decreased

deaminase activities of these mutants are due to the defect in the catalytic efficiency.

0
LaP Lot Ly et

A
Pg,?'c:‘.\‘ﬂ“.{‘b“ o W

© . (@)

140 0.37 - A3F-CTD
__ 1204 = W277A
3—%100 3 Y307A
c S 0.2
>
2 80 =
] o L
£ 60 g
& 3 0.1
T 40 B Y
3 c
20 =
0' T T ? T 0.0 T T T T T T T
PRI\ S\ S SR S 2 0 2 4 6 8 10 12 14
A () o NS (3 :
,§<‘° U U [protein]/[ssDNA]
v.

Figure 3-6. The roles of the five amino acid residues in or near the loop 7 in deaminase
activity and binding affinity. (a) A close-up view of the A3F-CTD structure. W277 in
B3, three amino acid residues in loop 7 (Y307, Y308, and W310), and K367 in a6,
colored cyan, were mutated in this study. (b) SDS-PAGE analysis of the purified
proteins. Normalized deamination percentage at 1 h(c) and binding (d) of the A3F-CTD
mutants in or near loop 7 with 49-TTCA substrate. Error bars were obtained through
three independent experiments.

W310, located close to the active site of A3F-CTD, also plays an important role in
the deaminase activity, as it was shown that the W310A mutant exhibits higher activity
than the wt A3F-CTD (Figure 3-6¢). This increased activity of the W310A mutant is in
contrast with previous finding that the W310A mutant exhibited decreased deaminase
activity [14]. This discrepancy could be due to the tag attached to the A3F-CTD. In our
study, the A3F-CTD W310A mutant possessed an N-terminal hexahistidine-tag,
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whereas in Chen et al.'s study, A3F-CTD W310A mutant possessed a large MBP tag. In
both cases, ssDNA-binding affinity decreased (Figure 3-6d). This suggests that in our
case, the increase in catalytic efficiency overcame the decrease in ssDNA-binding

affinity, resulting in higher deaminase activity.

We also found that a positively charged K367 residue, located slightly far away from
the core structure, plays a role in the function of A3F-CTD. Replacement of K367 with
a negatively charged glutamate resulted in reduction of both deaminase activity and
ssDNA-binding affinity (Figure 3-6¢, d). This suggests that the K367 residue
contributes to the deaminase activity through binding to ssDNA.

3.2.6 Deaminase activity of phosphomimetic A3F-CTD mutant

Activation -induced deaminase (AID) and nearly all the A3 proteins have a
position in loop 1 at which either threonine or serine is highly conserved (Figure 3-7a,
left panel). The threonine/serine at this position is important for these proteins to be
regulated under physiological conditions [99]. AID is reportedly phosphorylated at T27
in loop 1 by protein kinase (PKA), by which its deaminase activity is directly
suppressed [99]. Similarly, PKA-induced negative regulation is also known for A3G, in
which case T218 in loop 1 is the corresponding site [99]. The PKA phosphorylation site
is highly conserved, which is RxxT/S [100], and found also in A3F-CTD (RNES), in
which S216 is the putative phosphorylation site. To address the possibility that
A3F-CTD's deaminase activity could be similarly regulated through phosphorylation of
S216 residue, two A3F-CTD mutants, S216A and S216E, were prepared (Figure 3-7a,
right panel). The S216A mutant showed slightly higher activity than the wt A3F-CTD
(Figure 3-7b). The phosphomimetic mutant, S216E, exhibited low deaminase activity
(Figure 3-7b). This would be partly due to the decreased ssDNA-binding affinity
(Figure 3-7¢).
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Figure 3-7. The effects of A3F-CTD-S216 mutants on deaminase activity and
ssDNA-binding. (a) Sequence alignment of a part of loop 1 of the human A3 proteins
and AID (left). A3F numbering is shown at the top. The conserved T/S residue is
highlighted in red. SDS-PAGE analysis of the purified mutants is also shown (right).
Normalized deamination percentage at 1 h (b) and binding (c) of the S216 mutants with
49-TTCA substrate. Error bars were obtained through three independent experiments.

3.2.7 The effect of pH on A3F-CTD catalysis

A3 proteins have different subcellular localizations playing various biological
functions in different physiological phases [101], which suggests that the biological
functions of A3 proteins are closely linked to the physiological pH. To test the effect of
pH on A3F deamination, a 49 nt Alexa 488-labeled ssDNA (49-TTCA-A488, Table 3.1)
containing a centrally located TTCA sequence was used as a substrate to measure
A3F-CTD activity over the pH range of 5.0 to 9.5. The deamination rate of A3F-CTD
increased nearly 3-fold when the pH was increased from 5.0 to 5.5, and then stayed

constant from pH 5.5 to 9.5 (Figure 3-9). Considering the theoretical isoelectric point of
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A3F-CTD is 6.25, as calculated with ProtParam [102], it is supposed that the binding
affinity of A3F-CTD for negatively charged ssDNA is unaffected by the charge of
A3F-CTD. The decrease in the deamination rate at pH 5.0, where A3F-CTD is
positively charged, may be caused by the partial denaturation of A3F-CTD.

Protonation/deprotonation of the side chains of the aspartate, glutamate, histidine,
lysine and arginine residues are reportedly responsible for the pH-dependent deaminase
activities of A3 proteins [103]. Among these five amino acid residues, only E215 and
H247 are spatially close to the catalytic center (Figure 3-2). Then, we performed
site-directed mutagenesis at these positions and obtained two A3F-CTD mutants,
E215Q and H247R. The deamination rates of both the mutants at pH 5.0 were the same
as that of the wt A3F-CTD. But at pHs higher than 5.0, the rates increased 2.9 - 3.6 fold
and 1.5 - 2.0 fold for E215Q and H247R, respectively. However, there was no drastic
change in pH dependency for them (Figure 3-8). Thus, manipulation of either E215 or
H247 was not effective to change pH dependency of the wt A3F-CTD.

In A3G, H216 plays a pivotal role in the regulation of the deaminase activity; the
imidazole ring of the H216 residue is protonated and deprotonated through a pH change,
by which the deaminase activity changes [103]. Here, we mutated the corresponding
residue of A3F-CTD, N214, to a histidine, obtaining N214H. The deamination rate of
N214H was ~27-fold higher than that of the wt A3F-CTD (Figure 3-8). Since pH 5.5 is
close to the pKa of the imidazole ring of histidine, we assume that this pH dependency
of the N214H mutant is related to protonation/deprotonation of histidine; the
protonation of the N214H mutant might have had a positive effect on the catalytic

efficiency.
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Figure 3-8. pH dependence of the rate of deamination of A3F-CTD. 49 nt Alexa
488-labeled ssDNA (100 nM) was incubated with 1,000 nM A3F-CTD (circles), E215Q
(triangles), H247R (squares), and N214H (diamonds), respectively.

3.3 Discussion

Although the structure of ssDNA free A3F-CTD is available, that of an
A3F-CTD:ssDNA complex has not yet been solved. Currently, the co-crystal structures
of the A3A:ssDNA and A3B-CTD:ssDNA complexes are available [65, 66], both of
which may provide a structural basis to rationally understand the interaction between
A3F-CTD and ssDNA. In the co-crystal structure of A3B-CTD:ssDNA, however, loop
3 of A3B-CTD was deleted. Therefore, this complex is not suitable for use for the
interpretation of our results. It turned out that A3F-CTD can be superimposed well on
A3A of the A3A:ssDNA complex (Figure 3-9a). Thereby, after the superposition of
A3F-CTD onto the A3A:ssDNA complex, the coordinate of A3A was deleted, by which
the structural model of the A3F:ssDNA complex was constructed (Figure 3-9b).

Several A3F-CTD mutants, R208E, K209E and R213E, of loop 1, W277A of B3,
W310 of loop 7, and K367 of a6, exhibited decreased ssDNA-binding affinities
compared to the wt A3F-CTD, which could be one of the reasons why the deaminase
activity is affected. The model of the A3F-CTD:ssDNA (Figure 3-9b) shows that the

nucleotide at the -1 position is inserted into the groove formed by loop 1 and loop 7.
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The R208, K209, R213, W277 and W310 residues are located in the proximity of
ssDNA (Figure 3-9b), and it seems reasonable that the mutations at their positions
resulted in decreases in ssSDNA-binding. The position of the K367 residue seems far
away from the position of ssDNA in the current model. However, recently, another
structural model of an A3A:ssDNA complex was constructed on the basis of the NMR
method and binding data[67], which showed that the nucleotide at the -2 position could
approach a6 of A3A. This suggests that K367 from a6 of A3F-CTD may also be
involved in ssDNA-binding, and thus the mutation at K367 could result in decreased

ssDNA-binding affinity, as observed in Figure 3-6d.

The N240A/D/Q, H247A/R, Y307A, and Y308A mutants exhibited alternation of
deaminase activity but no change in ssDNA-binding affinity, which indicates that the
catalytic efficiency is affected by these mutations. The position of the side chain of
N240 is very close to the sugar and 3’ phosphate group at position 0 of ssDNA; the side
chain of N240 may play a role in positioning of the target DNA sequence in a proper
orientation for efficient deamination. H247 may restrict the conformation of loop 3 to
guarantee the access of ssDNA to the catalytic center. The Y307 and Y308 residues, as
well as the R305 and W277, are near the catalytic center. The side chains of the tyrosine
and tryptophan residues form a hydrophobic patch. The aromatic side chains of Y307
and W277 are stacked on top of each other, forming a stacked ring. To this stacked ring,
the backbone moieties of the nucleic acids at the -1 and O positions (the sugar moiety
and the 3'-phosphate of the nucleotide at the -1 position, and the sugar moiety of the
nucleotide at the 0 position) wrap around with the van der Waals interaction. On the
other hand, the base of the nucleotide at the 0 position stacks onto the aromatic ring of
Y307. Thus, these tyrosine and tryptophan residues play important roles in the proper
positioning of the target cytosine (0 position) in the catalytic center (Figure 3-9b).
Therefore, the mutations at the N240, H247, Y307 and Y308 positions, together with
that at the W277 position that is responsible also for ssDNA binding, as described above,
probably affected the roles of the residues at each position described above, and thereby

resulted in the decrease of the catalytic efficiency.

Figure 3-9c¢ summarizes the amino acid residues responsible for deaminase activity

through either ssDNA binding or catalytic efficiency.
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W277 R305

Bl ssDNA binding (may also catalytic efficiency)
0 Catalytic efficiency

Bl Phosphorylation regulation

Figure 3-9. A model of A3F-CTD in a complex with ssDNA. (a) Superposition of the
crystal structure of A3F-CTD (PDB: 3WUS, gray) onto that of the A3A:ssDNA
complex (PDB: 5SSWW, hot pink). (b) A model of A3F-CTD in a complex with ssDNA
derived from the A3A:ssDNA complex structure. See the main text for detail. The
amino acid residues responsible for both deamination activity and ssDNA binding are
colored magenta, and those that are responsible only for deaminase activity are colored
cyan. (¢) Summary of the amino acid residues responsible for deaminase activity
through either ssDNA binding (red) or catalytic efficiency (green), together with one
involved potentially in regulation by phosphorylation (blue) and the other related to the
pH issue (magenta). Some of red residues may also be responsible for deaminase
activity through catalytic efficiency.

We revealed in the previous section that A3F-CTD requires the ssDNA length of 30
nt for maximum activity. The length of ssDNA in contact with A3F-CTD in the model
of Figure 3-9 is much less than 30 nt. This is consistent with the proposed idea that
ssDNA regions that are apart from the target TC serve as landing points of A3F-CTD.
After landing, A3F-CTD would search for TC by jumping, as discussed above. Thus,
ssDNA regions are supposed to contribute to the recruitment of A3F-CTD to TC,
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resulting in increase in the deaminase activity. The total length of 30 nt seems to be

required to provide the suitable landing points for A3F-CTD.

For S216E mutant, the decrease in the catalytic efficiency may also be partly a reason
for the decreased deaminase activity. Since the location of S216 is very close to the base
moiety at nucleotide position 0 (Figure 3-9b), the negative charge and/or bulkiness of
the glutamate may repel the cytosine base, resulting in the mis-positioning of the target
DNA and thus a decrease in the catalytic efficiency. This repulsive effect should also

occur when S216 is phosphorylated.

In the A3A:ssDNA complex structure, the protonated H29 is supposed to interact
with ssDNA and thereby to act as a scaffold to stabilize ssDNA [65]. The side chain of
H29 of A3A could stack on the +1 nucleotide and come into contact with the -2
nucleotide through van der Waals. Therefore, it is likely that the protonated histidine
interacts with ssDNA, causing a positive effect on the deaminase activity. The model in
Figure 3-9b suggests that similar interactions with ssDNA are possible for the N214H
mutant of A3F-CTD. This may rationalize the unique pH dependency of the N214H

mutant.

3.4 Conclusions

In this chapter, we examined the effects of the 5’- and 3'-flanking sequences of the
target TC on A3F-CTD deaminase activity, and found that TTCA/G are the most
preferred target sequences of A3F-CTD. We also examined the ssDNA
length-dependent deaminase activity and found that A3F-CTD shows higher activity
toward longer ssDNA. Then, we mutated the residues that are close to the catalytic
center and found that some amino acid residues are responsible for the binding to
ssDNA, while others are responsible for the catalytic efficiency. The distinct role of
each amino acid residue can be rationally understood on the basis of the model structure
of the A3F-CTD:ssDNA complex derived from the A3A:ssDNA complex structure.
Additionally, we revealed that the deaminase activity of A3F may be modulated through
phosphorylation and de-phosphorylation of the S216 residue, possibly in response to

innate immune stimulation. Lastly, we found that the N214H mutant exhibits
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significantly high deaminase activity at pH 5.0. Our data suggest that the protonation of

histidine at this position in A3 proteins has a positive effect on the deaminase activity.

3.5 Experimental procedures
3.5.1 Oligonucleotides and plasmids

All of the ssDNA substrates used in this chapter including FITC- and
Alexa488-labeled ssDNA substrates that were obtained from FASMAC Co., Ltd.
(Kanagawa, Japan) are listed in Table 3.1.

Table 3.1 Oligonucleotides used in this study

Name Sequence” (5'—3')

S *ATAATAATAATAATAATAATAATATTCATTTATAATAATAAT
TTCA 49 AATAATA
*ATAATAATAATAATAATAATAATATTCGTTTATAATAATAAT
Strca a9 AATAATA
*ATAATAATAATAATAATAATAATATTCTTTTATAATAATAAT
Stret 49 AATAATA
*ATAATAATAATAATAATAATAATATTCCTTTATAATAATAAT
Strce_49 AATAATA
*ATAATAATAATAATAATAATAATAGTCATTTATAATAATAAT
Sarea a9 AATAATA
*ATAATAATAATAATAATAATAATACTCATTTATAATAATAAT
Scrca 49 AATAATA
*ATAATAATAATAATAATAATAATAATCATTTATAATAATAAT
Satca a9 AATAATA
S (Alexa488)ATAATAATAATAATAATAATAATATTCATTTATAAT
49-TCA-A488 A ATAATAATAATA

*sequences that are labeled with FITC at 5’ end.
* the target cytosine of the TC sequence is in bold and underlined.

Mutants of A3F-CTD in pET28b were constructed using KOD-Plus-mutagenesis kit
(TOYOBO, Japan). The oligonucleotides design (Table 3.2) and mutagenic procedures
were performed following the manufacturers' protocol. All of the plasmids were

sequenced to confirm the correct sequences before transferring into BL21 (DE3) Gold.
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Table 3.2 Primers used in this study

Primers

Sequence(5'—3')

A3F-CTD(187-373) F
A3F-CTD(187-373) R
A3F-CTD R208E F
A3F-CTD R208E R
A3F-CTD K209E F
A3F-CTD K209E R
A3F-CTD R213E F
A3F-CTD R213E R
A3F-CTD N214H F
A3F-CTD N214H R
A3F-CTD E215Q F
A3F-CTD E215Q R
A3F-CTD S216A F
A3F-CTD S216A R
A3F-CTD S216E _F
A3F-CTD S216E R
A3F-CTD N240A F
A3F-CTD_N240A R
A3F-CTD_N240D F
A3F-CTD_N240D R
A3F-CTD_N240Q F
A3F-CTD_N240Q R
A3F-CTD H247A F
A3F-CTD_H247A R
A3F-CTD_H247R_F
A3F-CTD_H247R_R
A3F-CTD_W277A_F
A3F-CTD_W277A R
A3F-CTD _Y307A F
A3F-CTD_Y307A R
A3F-CTD _Y308A F
A3F-CTD_Y308A R
A3F-CTD_W310A F
A3F-CTD_W310A R
A3F-CTD K367E_F
A3F-CTD K367E R

GGAATTCCATATGATTCTGCGTAACCCGATGGAGG
CGGAATTCTTATTCCAGGATTTCTTGCAG
AAACCTGGAAAAAGCATACGGTCGTAACG
CTTTTTCCAGGTTTTTGAAATGAAAGTAGA
CTGCGCGAAGCATACGGTCGTAACGAAA
GTATGCTTCGCGCAGGTTTTTGAAATG
TACGGTGAAAACGAAAGCTGGCTGTGT
TTCGTTTTCACCGTATGCTTTGCGCA
CGGTCGTCATGAAAGCTGGCTGTGTTTTAC
AGCTTTCATGACGACCGTATGCTTTGC
TCGTAACCAGAGCTGGCTGTGTTTTACAATG
GCCAGCTCTGGTTACGACCGTATGCTTTGC
AACGAAGCATGGCTGTGTTTTACAATGGA
CAGCCATGCTTCGTTACGACCGTATGCT
AACGAAGAATGGCTGTGTTTTACAATGGA
CAGCCATTCTTCGTTACGACCGTATGCT
TTTCGTGCACAGGTTGATCCGGAAACC
AACCTGTGCACGAAAAACACCACGTTTCC
TTTCGTGATCAGGTTGATCCGGAAACC
AACCTGATCACGAAAAACACCACGTTTCC
TTTCGTCAACAGGTTGATCCGGAAACC
AACCTGTTGACGAAAAACACCACGTTTCC
GAAACCGCATGTCATGCAGAACGTTGTTT
ATGACATGCGGTTTCCGGATCAACCTG
GAAACCCGTTGTCATGCAGAACGTTGTTT
ATGACAACGGGTTTCCGGATCAACCTG
ATACCTCTGCAAGCCCGTGTCCGGAAT
GGCTTGCAGAGGTATACCAGGTAACTTCATAG
CCTGGCATACTTTTGGGATACCGATTATC
CAAAAGTATGCCAGGCGTGCGGTAAAA
GTATGCATTTTGGGATACCGATTATCAAG
CCCAAAATGCATACAGGCGTGCGGTAAA
ACTTTGCAGATACCGATTATCAAGAAGGTC
GGTATCTGCAAAGTAATACAGGCGTGCG
GATAGCGAACTGCAAGAAATCCTGGAATAA
TGCAGTTCGCTATCCAGAAACAGGAAGTTA

3.5.2 Protein expression and purification

Expression and purification of the wt A3F-CTD and its mutants were performed as
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previously described with slight modifications[56]. BL21 (DE3) Gold was transformed
with the prepared pET28b (+) expression vectors individually and grown at 37°C until
the ODgoo reached 0.6. Protein expression was induced by adding 0.3 mM isopropyl
S-D-1-thiogalactopyranoside and subsequent incubation at 20°C for 20 h. Cells were
harvested and lysed by sonication in lysis buffer (50 mM Tris-HCI (pH 8.0), 1 M NacCl,
10 % (v/v) glycerol, 4 mM MgCl,, and 20 mM imidazole) supplemented with 5 units
mL™" DNase I, 1 pg mL™” RNase, and 0.2 mg mL" lysozyme. A cell-free lysate was
obtained by centrifugation at 50,000 g for 30 min and purified by loading on an
Ni-Sepharose resin column (GE Healthcare), followed by extensive washing with
washing buffer (50 mM Tris-HCI (pH 8.0), 500 mM NacCl, 10 % (v/v) glycerol, and 20
mM imidazole). Proteins eluted with elution buffer (50 mM Tris-HCI buffer (pH 8.0),
500 mM NaCl, 2 % (v/v) glycerol, and 250 mM imidazole) were concentrated and
further purified by loading onto a HilLoad 16/60 Superdex 75 PG column (GE
Healthcare) with equilibration buffer (50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 300
mM L-arginine HCl, 5 mM 2-mercaptoethanol). Target fractions were identified by
SDS-PAGE, pooled, concentrated and stored at 4°C on ice.

3.5.3 In-vitro cytosine deamination assay

The deaminase activity measurements for A3F-CTD and its mutants were carried out
as described in chapter 2. For pH-dependent reactions, 100 nM 49 nt Alexa 488-labeled
sSDNA (S49.tTca-a488, Table 3.1) was incubated with 1,000 nM A3F-CTD or A3F-CTD
mutants at each pH at 37°C for 1, 10, 20, 30, 60, 90 and 120 min, respectively. The
deamination percentage obtained at each time point was individually were fitted to 7 (?)
= Iy exp (-kt), where I is the initial intensity and & is the deamination rate constant [48].

Iy, k, and error bars were obtained by nonlinear least-squares analysis [93].
3.5.4 Steady-state fluorescence anisotropy measurement

The binding of A3F-CTD to ssDNA was monitored as changes in steady-state
florescence depolarization using an FP-8500 spectrofluorometer (JASCO Asia Portal),

as described in chapter 2.
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3.5.5 Circular dichroism (CD) spectroscopy

Wild type and mutant A3F-CTDs (2-6 uM) were individually dissolved in the 20 mM
Tris-HCI (pH 7.5) solution containing 300 mM NacCl, 0.05 % CHAPS and 1 mM DTT.
CD spectra were recorded with a Jasco J-720A spectrometer (Japan Spectroscopic Co.,
Japan) at 25°C using a cell of the optical path of 1 mm. Each spectrum was
background-corrected, smoothed, and converted to molar ellipticity [6]

(deg-em’-dmol ™).
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Chapter 4

Influence of the ssDNA concentration on the length-dependent deaminase activity

of APOBEC3F
4.1 Introduction

In chapter 2, we studied the length- and location-dependent deaminase activity of the
A3B using a real-time NMR method, as well as biochemical methods, and interpreted
the results according the fact that A3B moves along ssDNA for a relatively short
distance and tends to dissociate from the ssDNA. Previous research showed that A3F
scans ssDNA via jumping, and that the intersegmental transfer only occurs under
crowded reaction conditions [81], which is totally different from the case of A3B.
Similar to the studies of A3B, in this chapter, we investigated the length-dependent
deaminase activity of A3F. We showed that A3F deaminates ssDNA in a
length-dependent manner, which is affected by the concentration of the ssDNA
substrate. On the basis of the binding affinities of A3F with different lengths of ssDNA,

the results were rationally interpreted.

4.2 Results
4.2.1 The ssDNA-length-dependent deaminase activity of wt A3F-CTD

As described previously, A3 proteins show different deaminase activities toward
ssDNA substrates of various lengths[78, 91]. In chapter 2, we have identified that
A3B-CTD shows higher activity toward the target sequence in short ssDNA than the
one in long ssDNA. It would be of interest to determine how the length of ssDNA
affects the deamination by wt A3F-CTD. We analyzed the length-dependent deaminase
activities of A3F-CTD using seven ssDNA substrates of different lengths, ranging from
10 to 85 nt, each of which contains a single TTCA sequence near the center (Sgrrc 10-85,
Table 2.1). The deaminase activity of A3F-CTD increased monotonically from 10 to 30
nt and reached a plateau level (Figure 4-1). At the reaction time of 1 h, the deamination
percentage for 30 - 85 nt ssDNA substrate was ~3.5-fold higher than that for 10 nt
ssDNA substrate, indicating that A3F-CTD deaminates the target sequence in long
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ssDNA more efficiently. We suppose that the non-specific binding sites of a long
ssDNA substrate serve as landing points for the recruitment of much more A3F-CTD,
which searches for the target sequence by jumping as described by Ara et al[81]. This
would be the reason why the target sequence in long ssDNA is deaminated more

efficiently.
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Figure 4-1 The length-dependence of the deamination percentage with wt A3F-CTD.
The length of the ssDNA substrate was varied from 10 to 85 nt. The deamination
percentage (%) with A3F-CTD was plotted against the length of the ssSDNA substrate.

4.2.2 N214H mutant does not affect the length-dependent deaminase activity of
A3F-CTD

Figure 3-8 shows that the N214H mutant exhibits much higher deaminase activity
toward 46 nt ssDNA at pH 5.5 and pH 7.5 than wt A3F-CTD. This finding was further
confirmed by the real-time NMR method, as described in Figure 4-2, in which 150 uM
10 nt ssDNA (Strca, Table 2.1), and 1 puM wt A3F-CTD and the N214H mutant were
used, respectively. To determine whether or not the N214H mutant affects the essential
deaminase property of wt A3F-CTD, we applied the UDG assay to study the
length-dependent deaminase activity of the N214H mutant. 100 nM 10 nt and 49 nt
sSDNA (Srirc 10 and Sgirc 49, Table 2.1) were used. As shown in Figure 4-3a and b, the
N214H mutant showed higher deaminase activity toward 49 nt ssDNA than 10 nt
ssDNA, which was similar to the case of wt A3F-CTD (Figure 4-1), indicating that the
N214H mutant has no effect on the length-dependence of A3F-CTD. Considering the
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high deaminase activity, the N214H mutant was used in the following experiments.
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Figure 4-2. Deaminase activities of wt A3F-CTD and the N214H mutant. (a)
Deaminase activities of the N214H mutant monitored by the real-time NMR method.
H5-H6 TOCSY correlation peaks for 10 nt Strca at 0 and 20.59 h after addition of the
N214H mutant are shown. (b) Time-courses of the change in the intensity of the
cytosine peak for Strca for wt A3F-CTD (purple) and the N214H mutant (red).
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Figure 4-3. ssDNA-length-dependent deaminase activity of the N214H mutant. (a)
Deaminase activities of the N214H mutant toward 10 nt ssDNA (S¢irc 10, lane 1) and 46
nt sSDNA (Sritc 49, lane 2) were examined by means of the UDG assay. The upper and
lower bands in each lane represent the unreacted substrate and deamination product,
respectively. (b) Efficiencies of the deamination for each ssDNA revealed by the UDG

assay. (c) Time-courses of the change in the intensity of the cytosine peak for Strca (red)
and Sprrca (green).
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4.2.3 The concentration of ssDNA affects the length-dependent deamination by
A3F

Figure 4-3b shows that N214H efficiently deaminates a target sequence in 49 nt
ssDNA under a low ssDNA concentration (100 nM). However, the real-time result
showed that N214H prefers to deaminate a target sequence in 10 nt ssDNA (Srtrca,
Table 2.1) rather than the same one in 46 nt sSDNA (Spyrrca, Table 2.1, Figure 4-3c¢),
which is opposite to the case of UDG. It should be noted that in a real-time NMR
experiment, a high ssDNA concentration was used (150 uM), while in the UDG assay, a
low ssDNA concentration was used (100 nM). Different ssDNA concentrations cause a
change of the length-dependent deaminase activity of A3F, indicating that the
ssDNA-length dependent deamination by A3F-CTD could be determined by the ssDNA

substrate concentration.

4.3 Discussion

In chapter 2, we interpreted the length- and location-dependent deaminase activity of
A3B-CTD on the basis of its weak binding affinity. One obvious difference between
A3B and A3F is that the binding affinity of A3F to ssDNA is higher than that of A3B
(Figure 2-2). To interpret the results obtained with the N214H mutant, firstly we
measured the dissociation constant (K4) of the N214H mutant for binding to 10 nt and
49 nt ssDNA, respectively. As shown in Figure 4-5, the calculated K4 values for 10 nt
and 49 nt ssDNA are 7.733 uM and 0.931 uM, respectively.

55



Anisotropy value
(=] [=] o o
= o NN
AL G

e

o

(4}
1

0-00 L) T T T L] T T
00 0.2 04 06 08 1.0 12 14

N214H mutant (uM)

Figure 4-5. The binding of the N214H mutant with 10 nt ssDNA (circle) and 49 nt
ssDNA (square).

When attempting to interpret the ssDNA-length-dependence of deamination by A3F
in the presence of a low ssDNA concentration, we calculated the concentration of
N214H bound to 10 nt and 49 nt ssDNA to be 0.011 uM and 0.051 uM, respectively,
indicating that part of A3F binds to 10 nt ssDNA while much more A3F binds to 49 nt
ssDNA. In the case of 49 nt ssDNA, even if A3F partially dissociates from the ssDNA
during the process of searching for the target sequence, the final concentration of A3F
that can reach the target section in 49 nt ssDNA will always be higher than in the case
of the 10 nt ssDNA (Figure 4-6a), resulting in higher deaminase activity toward the
target sequence in 49 ssDNA than that in 10 nt ssDNA (Figure 4-3b).

In presence of a high ssDNA concentration, the concentrations of N214H bound to 10
nt and 46 nt ssDNA were calculated to be 0.951 uM and 0.994 pM, respectively,
indicating that almost all A3F binds to either 10 nt or 46 nt ssDNA. (Figure 4-6b). In the
case of 46 nt ssDNA, although all A3F binds to the ssDNA, some A3F cannot reach the
target section, which arises from the dissociation of A3F from the ssDNA during the
process of searching for the target sequence (Figure 4-6b). Therefore, the final
concentration of A3F that reaches the target section in 46 nt ssDNA will be lower than
in the case of the 10 nt ssDNA, resulting in higher deaminase activity toward the target

sequence in 10 nt ssDNA than that in 46 nt ssDNA (Figure 4-3c).
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Figure 4-6. Description of the target search by A3F. (a) In the presence of a low ssDNA
concentration, much more protein binds the 49 nt ssDNA, contributing to the high
deaminase activity. (b) In presence of a high ssDNA concentration, all protein binds to
either 10 nt or 46 nt sSDNA. For 46 nt ssDNA, the dissociation of A3F from the ssDNA
during moving process results in low deaminase activity.

4.4 Conclusions

In this chapter, we analyzed the ssDNA-length-dependent deaminase activity of A3F.
In the presence of a low ssDNA concentration, A3F turned out to efficiently deaminate
a target sequence in long ssDNA. However, in the presence of a high ssDNA
concentration, A3F prefers to deaminate a target sequence in short ssDNA. On the basis
of the different dissociation constants of N214H toward 10 nt and 49 nt ssDNA, these
unique characteristics were rationally interpreted. Our data provides a new insight into

the specific biochemical properties for efficient restriction of HIV by A3 proteins.

4.5 Experimental procedures
4.5.1 Oligonucleotides

All of the ssDNA substrates used in this chapter that were obtained from FASMAC
Co., Ltd. (Kanagawa, Japan) are listed in Table 2.1.

4.5.2 Proteins expression and purification

The expression and purification of A3F-CTD and A3F-CTD N214H mutant were
described as 3.5.2 in chapter 3.
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4.5.3 In-vitro cytosine deamination assay

The in-vitro cytosine deamination assay followed the method as described in 2.5.3 in

chapter 2.
4.5.4 Real-time NMR spectroscopy

The real-time NMR measurement was performed as described in 2.5.4 in chapter 2.
4.5.5 Steady-state fluorescence anisotropy measurement

The binding affinities of N214H mutant with 10 nt ssDNA and 49 nt ssDNA was
performed using steady-state fluorescence anisotropy measurement, as described in

chapter 2.
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Chapter 5

The inhibition of the deaminase activity of A3F-CTD in the presence of the Vif

complex
5.1 Introduction

In infected cells, HIV-1 inactivates the antiviral functions of A3 proteins by
expressing the Vif protein. The Vif protein recruits an E3 ubiquitin ligase complex
(Culs, CBFB, ElonB, ElonC, and Rbx-2) to bind and target A3 proteins for proteasomal
degradation [31, 104]. Study on the destroying of the binding between Vif and A3
proteins is a promising area for finding antiretroviral drugs. Recently, the crystal
structure of the HIV-1 Vif-Cul5-CBFB-EloB-EloC was determined (Figure 5-1)[105].
However, there is not any A3 substrate in this structure. In A3F, the CTD domain is
responsible for the DNA cytosine deamination and the binding with HIV-1 Vif.
Previous biochemical analysis identified several motifs in HIV-1 Vif involved in A3F
binding, as well as the binding domains or motifs in A3F responding to HIV-1 Vif
binding [54, 56, 108]. In this chapter, we investigate the effects of the Vif complex on
the deaminase activity of A3F-CTD.

Figure 5-1. Structure of the Vif complex. Structure of Vif (red) in a complex with Cul5
(orange), CBFp (cyan), EloB (magenta), and EloC (yellow) (PDB: 4N9F[105]) was
elducidated using UCSF Chimera [107].
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5.2 Results
5.2.1 Purification of the Vif complex

The crystal structure of the Vif complex allowed us to construct the Vif complex for
this study. Here, we used Vif (1-192), Cul5 (12-386), CBFp (1-170), EloB (1-118), and
EloC (17-112). Firstly, Vif (1-192), CBFp (1-170), EloB (1-118), and EloC (17-112)
were co-expressed in E.coli and then purified with a Nickel column, and then mixed
with CulS (12-386), which was expressed separately. The mixture was sequentially
purified by anion exchange chromatography and size exclusion chromatography. The
purified Vif complex was confirmed by SDS-APGE, as shown in Figure 5-2. More

details are given under Experimental procedures.

Size exclusion fraction number

M 24 32 33 34 353637 38 39 40 41

(kDa)
55.4
Cul5
¥
' Vif
21.5 CBFB
14.4 EloS
EloC
6.0

Figure 5-2. SDS-PAGE and Coomassie blue staining of the Vif complex in the peak
fractions on size exclusion chromatography.

5.2.2 The Vif complex inhibits the deaminase activity of A3F-CTD

After obtaining purified Vif complex, we examined the effect of the Vif complex on
the deaminase activity of wt A3F-CTD by using the UDG assay. Srirc 49 (Table 2.1)
was used as the substrate. The results showed that with increasing concentrations of Vif

complex added to the mixture, the deaminase activity of A3F-CTD decreased (Figure
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5-3), suggesting that the Vif complex causes inhibition of the deaminase activity of

A3F-CTD.

4
Vif complex = -
A3F-CTD - + + + + + +
ssDNA + + + + + + +
h — — @y [« un-cleaved
- -— +— cleaved
Vif complex (UM) 0 0 01 05 1 15 3

Figure 5-3. Deaminase activity of A3F-CTD in the presence of the Vif complex.
Measurement of the deaminase activity of A3F-CTD was carried out by UDG assay.
Sritc 49 was used as the substrate. The un-cleaved substrate and cleaved product are
indicated. The various concentrations of the Vif complex are shown on the bottom of
the gel.

5.3 Discussion

The deaminase activity of A3F-CTD in the presence of the Vif complex studied in
this chapter indicates that the Vif complex has a negative effect on the deamination by
A3F-CTD. There are two possible mechanisms. One is that the Vif complex targets and
binds to A3F-CTD, decreasing the amount of ssDNA-bound A3F-CTD. Another
possibility is that the positively charged Vif complex binds to the negatively charged
ssDNA, reducing the free ssDNA in the mixture. Actually, a number of studies are in
agreement with the first possibility. Albin ef al. stated that Glu324, which is located on
the surface of a4 in human A3F, is a critical determinant of A3F susceptibility to HIV-1
Vif-mediated degradation [108]. Land et a/ found that the a3 and o4 helices of human
A3F are important determinants of the interaction with HIV-1 Vif [109]. Recently,
Richards et al proposed a wobble model to explain how HIV-1 Vif has evolved to bind
A3F[106]. In this model, the a2, a3, and 04 helices of A3F constitute the interface with

HIV-1 Vif. In this interface, a persistent electrostatic interaction between A3F E289 and
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Vif R15 was best highlighted. On the other hand, one study supported the second
possibility that Vif complex competitively binds ssDNA, as revealed by Kamba[110]. In
general, different from previous report that Vif destroys A3F-CTD by
ubiquitin-mediated proteasomal degradation [31, 104], our result shown that the Vif

complex also reduce the deamination of A3F in vitro.
5.4 Conclusions

In this chapter, we applied in vitro deaminase activity assay to study the effects of the
Vif complex on the deamination by A3F-CTD. With increasing Vif complex, the
deaminase activity of A3F-CTD decreased. This finding indicates that the Vif complex
inhibits the deaminase activity of A3F-CTD. This assay constitutes another possible
meaner of of finding to find the drugs that can destroy the interaction between Vif and

A3F.

5.5 Experimental procedures
5.5.1 Expression and purification of Vif complex

The expression and purification followed the method described by Guo et al [107]
with some modifications. Briefly, the gene fragments of Vif (1-192), CBFp (1-170),
were inserted into Ncol/BamHI sites of pRSF Duet, Ndel/BamHI sites of pET15b,
respectively. EloB (1-118) and EloC (17-112) were insert into the vector of pCDF
Duetl via the sites of Ncol/BamHI and Ncol/Kpnl, respectively. Cul5 (12-386) was
inserted into the BamHI/EcoRI sites of pGEX6p-1. The Vif, CBFp, and EloB/C
constructs were sequentially transferred into BL21 (DE3) Gold. The Cul5 construct was
transferred into BL21 (DE3) Gold separately. Expression of the Vif-CBF-EloB-EloC
was induced by adding 0.1 mM IPTG at 20°C for 20 h. Then the cells were harvested by
centrifugation and re-suspended in lysis buffer (25 mM Tris-HCI (pH 7.5), 500 mM
NaCl, 20 mM imidazole), supplemented with 5 U mL™ DNase I, 1 pg mL™" RNase H,
0.2 mg mL™ lysozyme. A cell-free lysate was obtained by centrifugation at 50,000 g for
30 min and purified by loading onto an Ni-Sepharose resin column (GE Healthcare),

followed by extensive washing with lysis buffer. Proteins was eluted with elution buffer
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(25 mM Tris-HCI buffer (pH 7.5), 500 mM NacCl, and 250 mM imidazole). The cells
expressing Cul5 were lysated with the buffer of 25 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 10 mM benzamidine, and 250 pL MgCL, supplemented with 5 U mL™ DNase I,
1 pg mL™ RNase H, 0.2 mg mL™"' lysozyme. After centrifuging, the cell-free lysate was
loaded onto glutathione sepharose 4B column (GE healthcare). The GST tag was
removed on the column digested with prescission protease in the cleavage buffer (25
mM Tris-HCI (pH 7.5), 150 mM NaCl, and 1 mM DTT) at 4°C overnight. Cul5 was
washed out by the cleavage buffer. Collected Cul5 and Vif-CBFB- EloB-EloC were
mixed, concentrated and further fractionated by anion exchange chromatography with
buffer A (25 mM Tris-HCI (pH 7.5), 3 mM DTT) and buffer B (25 mM Tris-HCI (pH
7.5), 1 M NaCl, and 3 mM DTT). Finally, the fraction was by loading onto a HilLoad
16/60 Superdex 200 PG column (GE Healthcare) with equilibration buffer (20 mM
Tris-HCI (pH 8.0), 300 mM NaCl, and 5 mM DTT). Target fractions were identified by
SDS-PAGE, pooled, concentrated and stored at 4°C on ice.

5.5.2 In-vitro cytosine deamination assay

The deamination assay of A3B-CTD toward Sgic 49 In presence of Vif complex was
performed as described in chapter 2. Briefly, 1 uM A3F-CTD and 100 nM Sgirc 49 were
incubated in the deamination buffer (15 mM Tris-HCI (pH 7.5), 50 mM NaCl and 5 mM
DTT) in presence of 0, 0.1, 0.5, 1, 1.5 and 3 uM Vif complex, respectively. The
deamination reaction was undertaken at 37°C for 2 h. Then the reaction was stopped.

The following steps were the same to the 2.5.3 in chapter 2.
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Chapter 6
General conclusions

Human A3 proteins play important biological roles in the intrinsic immune system
by defending against endogenous and exogenous DNA pathogens. Specifically, A3F
exhibits efficient anti-HIV-1 activity by being packed into the progeny viral particles,
and then interferes with reverse transcription, and mutates cytosines into uracils in
nascent cDNA, resulting in blocking of viral replication. Different from A3F, A3B is
involved in various cancer types, and it was revealed that aberrant expression of A3B
causes a genomic DNA lesion. Here, we used the real-time NMR method, together with
biochemical methods, to study the deamination characteristics of A3B and A3F, and

identified the mechanism of deamination by A3B and A3F.

In chapter 1, a general introduction was given, including energy and enzymes, HIV
and cancers, and the structural characteristics of A3 proteins, together with its antiviral
activity and relationship with cancers, the binding interface of A3 proteins with

oligonucleotides, and the movement on ssDNA.

In chapter 2, how the target sequences are searched for and deaminated by A3B-CTD
was analyzed. The real-time NMR method, as well as the UDG assay, were applied to
measure the length- and location-dependent deaminase activity of A3B-CTD. We found
that A3B-CTD shows higher activity toward its target sequence in short ssDNA and
efficiently deaminates a target sequence located near the center of the ssDNA. These
properties are quite different from those of well-studied A3G, which shows higher
activity toward its target sequence in long ssDNA and one located close to the 5-end.
The unique properties of the A3B-CTD can be rationally interpreted by considering that
after non-specific binding to ssDNA, A3B-CTD only slides for a relatively short
distance to search for the target sequence and tends to dissociate from the ssDNA before
reaching the target sequence. The possible biological significance of this was also

discussed.

In chapter 3, the deaminase activity of A3F-CTD, including the influence of the DNA
sequence and pH on deaminase activity, together with the roles of the amino acid

residues located close to the catalytic center in deaminase activity and ssDNA binding
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were systematically characterized. Firstly, we optimized the target sequence and the
length of the ssDNA substrate, and found that A3F-CTD efficiently deaminates
5'-TTCA/G-3" in longer ssDNA(>30 nt). Secondly, on the basis of the result of
mutagenesis analysis of the amino acid residues that are close to the catalytic center,
combining the structure model of the A3F-CTD:ssDNA complex, we found that some
amino acid residues are responsible for the binding to ssDNA, while others are
responsible for the catalytic efficiency. Thirdly, we revealed that the deaminase activity
of A3F-CTD may be regulated through phosphorylation and de-phosphorylation of the
S216 residue. Lastly, we investigated the pH effects on the deaminase activity of
A3F-CTD and noticed that the N214H mutant shows obviously high deaminase activity
at pH 5.0 and pH 7.5.

In chapter 4, the length-dependence of the deaminase activity of A3F-CTD was
studied. We identified the length-dependent deamination by wt A3F-CTD and the
deaminase activity of the N214H mutant. Comparing the results obtained with the UDG
assay and real-time NMR method, we found that the concentration of the ssDNA
substrate could affect the length-dependent deamination by A3F. In presence of a low
ssDNA concentration, A3F prefers to deaminate a target sequence in long ssDNA,
while in presence of high ssDNA concentration, A3F efficiently deaminates a target
sequence in short ssDNA. On the basis of the different binding affinities of N214H with

different lengths of ssSDNA, these unique characteristics were rationally interpreted.

In chapter 5, the deaminase activity of A3F-CTD in presence of the Vif complex was
investigated using the UDG assay. The results suggested that the Vif complex
efficiently inhibits the deamination by A3F-CTD in vitro. This finding indicates that the
Vif complex neutralizes the function of A3F not only through E3 ubiquitin mediated

proteasomal degradation, but also by direct interference with the deamination.
In chapter 6, a general conclusion was given.

In this study, we mainly investigated the length- and location-dependent deaminase
activities of A3B and A3F, respectively, as well as the deamination properties of A3F.
The results will help us to better understand the overall molecular mechanism of DNA

editing by cytosine deaminases.
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