Development of real-time NMR monitoring method and

elucidation of the deamination mechanism of APOBEC3G

Keisuke Kamba






Table contents

Chapter 1

General Introduction

1-1. Enzymes, sophisticated biological catalyst..............cooiiiiiiiiiiiii e 1
1-2. AIDS and HIV ..o 2
1-3. Anti-HIV factor APOBEC3G ....uii e 5
1-4. Vif, an accessory protein of HIV-1, destroys A3G.......oouiiriiiiiiiiiiii e 9
1-5. Time course study of A3G’s deaminase reaction using NMR methods............................... 9
1-6. The aim Of this StUAY . .....oouii e e 11
L=7. REICTEICES . ..ottt e 11
Chapter 2

Development of a deamination assay involving the real-time NMR monitoring method

2-1. INETOAUCTION. ...t e e e e 18

2-2. Results
2-2-1. Deaminase assay involving the real-time-NMR monitoring method........................ 18
2-3. Discussion

2-3-1. Enzymatic properties of A3G C as to CCC hotSpOtS........c.vvviiriiiiiiiiiiiiinnienenn, 20
24 CONCIUSION. ...ttt e e e e e 21
2-5. Experimental PrOCEAUIES. ... ...ttt e 22
2-0. RETETEICES. . ...t 23
Chapter 3
Nucleic acid determinant for deamination by A3G_C
3oL INtrOUCTION. ...t e 25

3-2. Results
3-2-1. The effect of ribonucleotide substitution at a single position of a substrate ssDNA on
A3G C's deaminase ACtIVILY . ......iiieeet ettt ettt ettt et ettt et e e e e naaeeas 26
3-2-2. The effect of 2'-OH substitution or abasic substitution in the flanking regions of a
5 nucleotide recognition sequence on deaminase activity.........ccoccveeevveeriuveeenieeeneeeennn. 30
3-2-3. The effect of 2'-OH substitution or abasic substitution at the linker region connecting two
CCC hotspots on the 3'—=5" polarity..........coouiiiiiiiiiii e 32
3-3-4. NaCl concentration dependence of the 3'—=5' polarity.................cooeiiiiiiiiniiene. 35
3-3. Discussion
3-3-1. The recognition sequence of A3G_C for deamination...........ccccecueeevveerciieerineeencveeennen. 36
3-3-2. The nucleic acid determinant for A3G C’ssliding..................coevviiiiiiiiiiiieeneeee.. 36
3-3-3. Deamination mechanism of A3G C..........ooiiiiiiiiii i e sveesiieeee. 37



3 CONCIUSION. . oottt e, 39

3-5. Experimental ProCeAUIES. ....... ...ttt ettt bbb 40
30, REIOTEICES. .. ettt 41
Chapter 4
Deamination property of A3G_C coupled with sliding on the basis of the pH-dependence
R 113 (04 L o150} U PP 42
4-2. Results
4-2-1. The effects of pH and denaturant on the structure of A3G C..........ccoiiiiiiiininn. 42
4-2-2. The effect of pH on the deaminase activity of A3G C............ccooiiiiiiiiiiiiienieen. 45
4-2-3. The effect of pH on the 3'=5' polarity of A3G C.......oiieeiiieeeeeeeee e 47
4-3. Discussion
4-3-1. The origin of ow deaminase activity in higher pH range...........ccccocevvvverieicienieecieennen. 49
4-3-2. The difficulty of evaluating deaminase activity in lower pH range...........c.cccceeevrenennne. 49
4-3-3. The key interaction for 3'—=5" pOlarity.........cceoeeiiiiiiiiiiiii e 50
L 7034 To] 131 T ) 50
4-5. Experimental PrOCEAUIES. .. ... ...ttt et eaeeeaee e eees 50
A6, RETETEIICES. . . ..ttt e e e 52
Chapter 5
Real-time monitoring of the deamination reaction of A3G_C in presence of the Vif protein
complex
S-1 INtrOUCHION. ...t 54
5-2. Results
5-2-1 Constructs of the Vif protein compleX...........ooiiiiiiiiiiiii e, 54
5-2-2 Deamination assaying in the presence of the Vif protein complex....................conee. 56

5-3. Discussion

5-3-1 Vif-mediated deamination inhibition...............ooeiiiiiiiiiiii e, 56
BT 03T LTS T ) 58
5-5. Experimental ProCeAUIES. .........ouiiiiiiiiieeiie ettt e 58
BT ST ] 3 10 [7 59
Chapter 6
Deamination activity of A3G_C toward 5-methylcytidine or 5-hydroxymethylcytidine
6-1. INtrOAUCHION. . ..ottt et e e e e e e e 61
6-2. Results

6-2-1. Deaminase activity toward SmC..........oooiiiiiiiii e 62

6-2-2. Deaminase activity toward ShmC........ ... 63



6-3. Discussion

6-3-1. The effects on 5' modification for deaminase activity of A3G C.................oonen 63
R 1) o1 L1 13 1 ) s F SRR 63
6-5. Experimental ProCeAUIES. ... .. ...ttt ettt e 65
0-0. RO CIENCES. ...ttt 65
Chapter 7
General ConCluSION. ... ..o 68
List of publications. ... e 70
List of Presentations. ... ... ..ot e 71
List of HOMOTS. ... e 75

ACKNOWICdGMENL. ... . e 76






Chapter 1
General Introduction

1-1. Enzymes, sophisticated biological catalysts

Living organisms possess an excellent mechanism that enables them to obtain and use
energy to perform all life activities such as metabolism, growth and movement. Biological
macromolecules such as carbohydrates, nucleic acids, lipids and proteins play critical roles in
biological phenomena and act as components of organs. Enzymes are sophisticated protein catalysts,
most of which are capable of accelerating only specific chemical reactions at neutral pH, mild
pressure and physiological temperature (1). Radzicka and Wolfenden mentioned that enzymes
increase the rate of a reaction about 5x10°-1x10'" fold as compared to under non-enzymatic
conditions (2). For example, yeast orotidine 5'-phosphate (OMP) decarboxylase completes OMP
decarboxylation within 10 minutes, the half-time being 78,000,000 years without the enzyme. (2).
These findings strongly suggest that a biological reaction would take place too slowly for living
organisms to maintain their lives in the absence of enzymes. Most enzymes act not only within living
organisms but also artificial environments. Therefore, knowledge regarding the mechanism of
enzymes is attractive for developing efficient energy extraction systems and material synthesis
methods with low environmental loading.

The specificity of enzymes arises from their three-dimensional structures, in which a small
area termed active sites and their surroundings are particularly important (1). Substrate molecules
bind to the active sites followed by the conversion into products. Therefore, the binding interface
between an enzyme and a substrate should be complementary. On the other hand, most enzymes do
not exhibit tight binding with their substrates, which indicates that binding strength would have a
negative effect on catalytic efficiency because of decreased turn over. It is suggested that an active
site without a substrate is somewhat more flexible than the rigid core of the protein to accurately
recognize the substrate. Some enzymes require cofactors, non-protein chemical compounds such as
metal ions, to recognize a substrate or complete a reaction. The crystal structure of a complex of
staphylococcal nuclease (SNase), an endo-exonuclease that digests nucleic acids and preferentially
cleaves single-stranded nucleic acids, with cofactor Ca®" and substrate analog inhibitor
deoxythymidine 3', 5'-bisphosphate (pdTp) is shown as an example of an enzyme-substrate (ES)
complex in Figure 1-1 (3). The substrates in ES complexes are fixed in optimal orientations, which
create ideal chemical environments for reactions to occur and result in lowering of activation energy

barriers for the reactions (1). In this way, enzymes drastically enhance the specific reactions.



Figure 1-1.

A typical picture of an enzyme-substrate complex.

The crystal structure of the SNase complex (PDB ID: 1SNC) is shown as a ribbon diagram (A) and a
molecular surface model (B) (3). The a-helices, B-strands and loops in SNase are colored yellow,
green and gray, respectively. The amino acids comprising the active site are represented as a stick
model in (A). The cofactor, Ca®", is presented as a light green sphere. The substrate analog inhibitor,
pdTp, is shown as a stick model in (A), and its molecular surface is colored beige. Molecular
graphics and analyses were performed with the UCSF Chimera package (4). Chimera was developed
by the Resource for Biocomputing, Visualization, and Informatics at the University of California,
San Francisco (supported by NIGMS P41-GM103311).

1-2. AIDS and HIV

Acquired immune deficiency syndrome (AIDS) is a fatal condition caused by human
immunodeficiency virus (HIV) (5, 6). Worldwide, an estimated 37 million people have been infected
with the HIV and about 1.2 million people died from AIDS-related illnesses in 2014 (6). HIV breaks
down the human immune system by destroying CD4" T cells (thymocytes cells that express a cluster
of differentiation 4 glycoproteins on their surfaces) (5). There are two distinct types of HIV, of which
the predominant one distributed throughout the world is HIV type 1 (HIV-1), the relatively
uncommon HIV type 2 (HIV-2) being found mainly in West Africa (7). So far, no procedure or
medication has been established to eliminate HIV from patients as well as kill their infected cells (5).
This means that once a person is infected with HIV, they have to use antiviral drugs for the rest of
their lives. Without treatment, almost all people infected with HIV inevitably will develop AIDS

followed by death because a destroyed immune system cannot overcome infections by bacterial, viral,
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fungal, or protozoan pathogens. To make the situation worse, mutations in the HIV genome occur so
frequently that cessation of treatment may generate a drug-resistant virus and they cannot use the
same drags any longer (8). Therefore, novel HIV treatments as well as new type of anti-viral drug
have been desired.

The six major steps of the HIV-1 life cycle as well as the current anti-HIV drugs are briefly
reviewed in Figure 1-2 (8). The first step in the HIV-1 replication cycle is viral entry. The HIV-1
envelope protein gpl120 has the ability to bind the CD4 receptor (as well as co-receptor CXCR4 or
CCRS5) on the surface of the CD4" cell, which causes fusion of the viral and host membranes (5, 8).
This phenomenon enables HIV-1 to insert its cell contents including the viral RNA genome into the
host cell (5, 8). The second step is the reverse transcription required to convert the single-stranded
HIV-1 RNA genome into double-stranded DNA (dsDNA) catalyzed by viral reverse transcriptase
(RT), which is a multifunctional enzyme with RNA-dependent DNA polymerase, RNase-H, and
DNA-dependent DNA polymerase activities (5, 8). The viral dsSDNA synthesized by RT forms a large
nucleoprotein complex, the preintegration complex (PIC) (5, 8). Thirdly, the viral dsDNA is
transported to the nucleus and inserted into the host DNA (this inserted DNA is also called proviral
DNA) by integrase (5, 8). Integration is necessary to maintain the viral genome in the infected cell
and an imperative for propagating a new virus. In the transcription step, the fourth step of the viral
life cycle, a new HIV RNA genome and viral mRNAs are synthesized by the host RNA synthesis
system (5, 8). Note that the HIV Tat (trans-activator of transcription) protein drastically enhances
the efficiency of viral transcription (8). The viral mRNAs are translated and viral proteins are
produced, then the viral components are assembled and mature on the inner membrane in the fifth
step. In the final stage, longer viral proteins are cleaved by proteases and a new HIV-1 assembly buds

from the host cell (5, 8). The most effective treatments for HIV-1 are antiretroviral drug therapies (8).
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Figure 1-2.

Identifying distinct steps of the HIV-1 life cycle as potential or current targets for antiretroviral
drugs.

(A) Schematic representation of the HIV-1 life cycle in a CD4 " cell. (B) Time frame for antiretroviral
drug action during a single-cycle HIV-1 replication assay. In this experiment, HIV-1 inhibitors are
added following synchronized inhibition. The addition of a drug following the HIV-1 replication step
targeted by the drug will result in a lack of inhibition. The time window of drug inhibition provides
an estimate for the time required for this replication step. (C) Preclinical, abandoned (normal text), or
FDA-approved (bold italic text) inhibitors are listed in relation to specificity of action and drug target.
This figure is Figure 2 in Arts and Hazuda (8).



1-3. Anti-HIV factor APOBEC3G

Apolipoprotein B messenger RNA-editing enzyme catalytic polypeptide-like 3G
(APOBEC3G or A3QG) inactivates HIV-1 by introducing a significant number of mutations into the
viral genome (9-11), which is regarded as a potential drug target for HIV-1. A3G was originally
identified as a human gene, named CEM15, encoded by human chromosome 22 that inhibits HIV-1
infection (12). Then CEM15 was renamed APOBEC3G because it possesses cytosine deaminase
activity, which converts cytosines (Cs) into uracils (Us), and its amino acid sequence belongs to the
APOBEC family (9, 13-15). This family, ‘APOBEC’, is named after apolipoprotein B
mRNA-editing enzyme catalytic polypeptides 1 (APOBEC1) protein, which edits apoB-100 mRNA
by deaminating Cs into Us. As a result of APOBEC1 deaminase activity, CAA is converted into
UAA, and a stop codon is introduced into apoB-100 mRNA (16). A3G edits the newly
reverse-transcribed minus strands of HIV-1 cDNA, single-stranded DNA (ssDNA), in the cytosol (9,
11, 13, 17). A3G’s deaminase activity, C to U conversion, leads to the introduction of a significant
number of guanine (G) to adenine (A) mutations into the integrated viral genomic DNA, which
causes inactivation of HIV-1 lacking virion infectivity factor (Vif) protein (9, 11-13, 17-19). A
schematic representation of the anti-HIV activity of A3G is shown in Figure 1-3. A3G also exerts
deamination-dependent anti-viral activity against many other retroviruses such as hepatitis B virus

(20) and human T-cell leukemia virus type 1 (21).
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Figure 1-3.

Schematic representation of anti-HIV activity of A3G.

A3G deaminates cytosines (C) into uracils (U) within the newly reverse-transcribed minus strands of
HIV-1 DNA (9-11).

The deaminase activity of A3G is ssDNA-specific, it exhibiting no activity against RNA
(22-24) or dsDNA (23-25). A3G also exerts sequence specific deaminase activity, which converts
cytosine dinucleotide (CC) into CU (13, 24, 26). Interestingly, A3G deaminates triplet cytosine
(CCC) hotspots, the most favorite target of A3G, converting them into CCU and then CUU (13, 23—
28). A3G is prone to deaminate a CCC hotspot that is located close to the 5' end more effectively
than one that is less close to the 5' end (25, 29-32). We call this deamination bias 3'—5' polarity,
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which introduces a 5'—3' gradient of G to A mutations into the HIV gene (23, 33, 34). 3'—5' polarity
cannot be explained by general kinetic models including the Michaelis—Menten theory (29).
Furukawa and coworkers successfully explained 3'—5' polarity rationally by constructing a kinetic
model in which A3G slides along ssDNA through direction-independent Brownian movement, and
that deamination is more efficient when A3G approaches the target cytosine in the 3' to 5' direction
rather than the opposite one (29). The essence of origin of the 3'—5' polarity proposed by Furukawa
et al. is shown in Figure 1-4 (29). Senavirathne and coworkers performed a single-molecule
fluorescence resonance energy transfer (sm-FRET) experiment, and analyzed the distance between
A3G and ssDNA (31). They concluded that A3G scans ssDNA randomly and bidirectionally,
favoring nonrandom 3' to 5' deamination (31), which agreed with the model proposed Furukawa et al.
(29).
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Figure 1-4.

The proposed origin of 3'—5' polarity.

A3G deaminates a CCC hotspot that is located close to the 5' end more effectively than ones that are
less close to the 5' end. This phenomena is called 3'—5' polarity. A3G slides along ssDNA with no
direction preference, and deamination rate depend on the direction of the sliding that confers the 3'—
5' polarity (29).

The deamination mechanism of A3G has been studied by many scientists. A3G is composed
of two zinc finger deaminase domains: an enzymatically inactive N-terminal domain (residues 1—
192; A3G N) and an active C-terminal domain (residues 193-384; A3G_C) (9-11, 35, 36). Each
deaminase motif comprises a consensus amino-acid sequence, His or Cys-Xaa-Glu-Xaass-
28-Pro-Cys-Xaa, 4-Cys (Xaa denotes any amino acid) (9-11, 14). A3G N is responsible for RNA
binding and intrudes into the HIV virion during viral encapsidation (36-38). A3G C retains
deamination activity, on which the anti-viral effect of A3G depends (34, 36, 39). Each domain of
A3G is reportedly involved in DNA binding (40) and deamination as well as 3'—5' polarity (25, 29—

32). The deamination mechanism in the active site, shown in Figure 1-5, weas previously proposed
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based on the deamination mechanisms that were predicted in structural studies of a bacterial and
yeast cytosine deaminases (9). Glutamic acid 259 activates the closely positioned water molecule and
its nucleophilic attack drives the deamination reaction (9). Because of this, Glu259 is called the
catalytic residue of A3G. The molecular structures of free A3G_C (27, 30, 41, 42) and truncated
A3G N like protein (43) were determined by X-ray crystallography and solution nuclear magnetic
resonance (NMR) spectroscopy. Three different model structures of the A3G_C-ssDNA complex, the
active site comprising the catalytic residue (Glu259) and a zinc finger (His257, Cys288, Cys291),
have been proposed from three groups (11, 27, 30, 41, 44). Figure 1-6 shows the structure of A3G_C
reported by Furukawa et al. (27), and the three proposed DNA binding paths (27, 30, 41). No
A3G_ssDNA complex structure is available, although the A3G-ssDNA interaction has been
investigated by means of various methods, such as electrophoretic mobility shift assaying (EMSA)
(23-25, 27, 30, 35), steady-state rotational-anisotropy binding assays (25, 32), and atomic force
microscopy (AFM) (32, 45-47), which suggested that A3G binds to ssDNA in a
sequence-nonspecific manner. Furthermore, one-dimensional movement of full length A3G over
ssDNA, called sliding, was directly observed on smFRET (31) and AFM (45), which indicates A3G
undergoes multiple interactions to associate with ssDNA. It was also reported that full length A3G
exhibits stronger activity (30-32) and 3'—5" polarity (30-32) than A3G_C even though A3G_C itself
possesses deaminase activity (27-30) and 3'—5' polarity (29, 30). The findings make understanding
of the deamination mechanism of A3G complicated.

GIW”=O Zn2+ Gl Gl NL3
L N u 2+ 2! 2+ Glu
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H.. NH, O NH, NH, O~ 0" 0
H ’h\ll H\chT HEN\“‘) ey
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DNA /\J\/\/\ /\)\/\/\ /\/l\/\/\ /\)\/\/\
Cytosine Uracil
Active site of APOBEC

Figure 1-5.

A possible mechanism for A3G_C-dependent cytosine deamination.

First, the cysteine (Cys) and histidine (His) residues of the active site coordinate to a single zinc ion
(Zn*); an incoming water molecule (H,0) is shown. Second, a hydroxide ion (OH") is produced
when the water reacts with glutamic acid and zinc. Only the zinc ion and the side chain of the
catalytic glutamic acid (Glu) 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, the latter 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—-O double bond. Sixth, uracil and ammonia (NHj3) are released from the active site.
This figure is Figure 2C in Harris and Liddament (9).
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Figure 1-6.

The molecular structure of A3G_C.

The solution NMR structure of A3G_C (PDB ID: 2KBO) is shown as a ribbon diagram (A) and a
molecular surface model (B) (27). The a-helices, B-strands and loops in A3G_C are colored yellow,
green and gray, respectively. The amino acids comprising the active site (His257, Glu259, Cys288,
Cys291) are represented as a stick model in (A). The cofactor, Zn>", is presented as a gray sphere.
(C) The three proposed ssDNA binding paths. The colors used in this figure are shown on the left.
Molecular graphics and analyses were performed with the UCSF Chimera package (4).



1-4. Vif, an accessory protein of HIV-1, destroys A3G

In spite of anti-viral factor A3G, infection occurs and develops into AIDS, which is caused
by A3G inactivation owing to the viral defense system (5). Vif, a HIV-1 accessory protein that is not
essential for viral replication, is responsible for annihilation of A3G (11, 48, 49). Figure 1-7 reviews
three major mechanisms of liquidation of A3G by Vif (48). Vif mainly destroys A3G through the
poly-ubiquitination on proteasomal degradation, which reduces the intracellular level of A3G (Figure
1-7, pathway 2) (50-54). Vif is able to bind A3G, and to recruit an E3 ubiquitin ligase complex
composed of Elongin B (EloB), Elongin C (EloC), Cullin5 (Cul5), and RING box protein 2 (Rbx2),
leading to the poly-ubiquitination following degradation of A3G (53-56). Vif grasps the A3G
molecule by binding to A3G_N and recruits it into the E3 ubiquitin ligase complex (57-59). Then the
four lysine residues in A3G_C are ubiquitinated (60). It has also been found that the transcription
cofactor core-binding factor  subunit (CBFp), a part of the heterodimeric enhancer-binding protein
that is associated with genetic regulation of hematopoiesis and osteogenesis, was additionally
recruited to this ubiquitin ligase complex (61-63). Vif has also been shown to inhibit translation of
A3G (Figure 1-7, pathway 3) (64—66). It was suggested that Vif binds to the 5'-untranslated region
(UTR) of A3G mRNA, which results in inhibition of the translation of A3G (66). In the last pathway,
Vif reportedly blocks packaging of A3G (Figure 1-7 pathway 1) (67). During virus assembly, A3G as

well as VIf interact with the HIV-1 Gag precursor protein, Pr35%

, and the viral genomic RNA,
which indicates that Vif akts as a competitive inhibitor against A3G packaging (37, 38, 68-70).
Because of this A3G annihilation function, Vif has been paid great attention as a drug target for
anti-HIV-1 treatment, and a HIV-1 inhibitor targeting Vif-dependent degradation of A3G is in the

process of being developed (71).

1-5. Time course study of A3G’s deaminase reaction using NMR methods

The time-resolved NMR method is a powerful tool for evaluating chemical properties and
dynamics such as enzyme dynamics (72), chemical modifications in proteins (73), protein folding
(74), metabolic dynamics (75) and for characterization of unstable intermediates in a chemical
reaction (76). Katahira’s group have utilized NMR method, monitoring the time course of
one-dimensional proton (1D "H) NMR spectra of CCC within 10-mer ssDNA and performing its
chemical shift assignment using two dimensional (2D) 'H-"C heteronuclear single quantum
correlation (HSQC) spectra, for evaluating enzymatic activity, and demonstrated that A3G converts
CCC into CCU and then CUU sequentially for the first time (27). Then Furukawa and coworkers
extended this method by applying 2D total correlated spectroscopy (TOCSY) spectra to improve the
resolution of the spectra (29). After analyzing kinetic parameters obtained by deamination assaying,
they proposed a novel kinetic model assuming A3G slides along ssDNA with no direction preference,
and deamination rate depend on the direction of the sliding, and succeeded in explaining 3'—5'
polarity. This ‘real-time NMR monitoring method’ has become a popular method for evaluating the
deaminase activity of A3G (27-29, 43, 77) and other APOBEC family proteins (78, 79). This

9



‘real-time NMR monitoring method’ is expected to allow the evaluation of more complicated

mechanisms such as the A3G-ssDNA interaction during the deamination and deamination reactions

in the presence of Vif and the E3 ubiquitin ligase complex.

" nucleus » cytosol
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Figure 1-7.
HIV-1 Vif protein liquidate A3G.
Vif neutralizes A3G through different mechanisms. [1] Vif competes with A3G for binding to viral

components like the nucleocapsid domain of the viral Gag protein and the genomic RNA. [2] Vif
binding to A3G recruits an E3 ubiquitin ligase that mediates the polyubiquitination of A3G and its
degradation. [3] Vif impairs the translation of A3G mRNA through an mRNA-binding mechanism.
Taken together, these three different actions of Vif on translation, degradation and packaging not
only deplete A3G from virus-producing cells but also prevent A3G from being incorporated into

virions. This figure is Figure 1A in Batisse et al. (48).
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1-6. The aim of this study

In this study, we have developed a NMR method for investigating the deamination
mechanism of A3G_C. We found that A3G_C recognizes consecutive five nucleotides, the CCC
hotspot being positioned at the center, and that base and sugar moieties are not recognized during
sliding on NMR-based deamination assaying using nucleic acid analogs. Examination of the effects
of different salt concentrations on the 3'—5' polarity indicated that the sliding is alleviated due to a
decrease in the electrostatic interaction between A3G_C and the phosphate backbone. This finding
was confirmed deamination assaying at different pHs. Our NMR-based enzymatic method is useful
in presence of Vif and the E3 ubiquitin ligase complex. It was found that Vif and the E3 ubiquitin
ligase complex may associate with A3G_C as well as ssDNA, which indicates Vif protein directly
inhibits deamination as well as 3'—5' polarity. Finally, we applied this method to modified cytosines,
5-methylcytosine (SmC) or 5-hydroxymethylcytosine (5hmC), containing DNA, and we
demonstrated for the first time that A3G_C retains deaminase activity against SmC to produce

thymine, although A3G_C cannot edit ShmC into 5-hydroxymethyluracil.
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Chapter 2

Development of a deamination assay involving the real-time NMR monitoring method

2-1. Introduction

The deamination activity of A3G has been evaluated in vitro by means of various methods
such as measurement of the G to A mutation frequency in HIV-1-infected cells (1-5) and in the
Escherichia coli Rif' gene (6-8). The most commonly used deaminase assay is a gel-based
biochemical deamination assay, i.e. the DNA glycosylase assay (1, 8-13) For this assay, substrate
ssDNAs are mixed with A3G, and after the reaction, the products are collected and treated with
uracil-DNA glycosylase (UDG), by which the resultant uracil bases are cleaved off. Subsequent
alkaline treatment results in cleavage of the backbone through hydrolysis at the abasic (base lacking)
sites. The final products can then be visualized by denaturing polyacrylamide gel electrophoresis
(PAGE), the band intensities being quantified. This UDG-based assay requires multiple steps to
finally detect deamination, however, it is useful in the sense that it is high-throughput.

Katahira’s group have been utilizing the real-time NMR monitoring method to analyze the
deamination reaction of A3G (14, 15). The advantage of our method over other biochemical methods
is the ability to analyze the time course of a reaction at atomic resolution and the requirement of only
a single step, owing to its non-destructive manner. In this chapter, we demonstrate and improve the

methodology to estimate the deamination reaction by A3G_C using single CCC-containing ssDNA.

2-2. Results
2-2-1. Deaminase assay involving the real-time-NMR monitoring method

The experimental procedure for the method is illustrated in Figure 2-1A. We add A3G_C to
the solution containing ssDNA and mix them thoroughly, which is defined as reaction time point zero.
The final concentrations of A3G_C and substrate DNA are 2 uM and 200 uM, respectively. The
mixed solution is immediately transferred to an NMR tube, which is loaded into the magnet.
Subsequently, a series of 2D TOCSY spectra are obtained at different reaction time points. The
conversion of ATTCCCGATT (s2) to ATTCCUGATT and then ATTCUUATT is monitored as an
example in Figure 2-1. Each panel in Figure 2-1B shows the regions of 2D TOCSY spectra for H5—
H6 correlation signals of cytosines and uracils. The three signals in the top left panel in the left
column correspond to the C4, C5, and C6 residues of s2. The intensity of the C6 signal gradually
decreases and it eventually disappears, which is coupled with the emergence of the U6 signal and a
gradual increase in its intensity (Figure 2-1B, panels 1.8 h, 3.0 h, and 12 h). Then the C5 signal
decreases and the U5 signal appears and increases (Figure 2-1B, panels 12 h, 72 h, and 187 h). Note

that the signals not originating from deaminated residues were possibly perturbated by deamination.
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Figure 2-1.

Overview of real-time NMR monitoring.

(A) Illustration of the experimental procedure. The solutions containing A3G C and ssDNA
substrate were mixed (reaction time point 0 h), and then the mixture was transferred to an NMR tube.
(B) The NMR tube was then loaded into the magnet. A series of 2D TOCSY spectra was recorded at
different reaction time points. Here, the reaction for ATTCCCGATT (s2) is monitored as an example.
C to U conversion occurred at C6 then C5. The panels show the regions of 2D TOCSY spectra for
H5-H6 correlation signals of cytosines and uracils at different reaction time points (1.8, 3.0, 12 h, 72
h and 187 h). The spectrum of "ssDNA (s2) alone" is shown for comparison. The structural formulae
of cytosine and uracil are shown (protons H5 and H6 are highlighted in yellow). The signals for C6
and C5 are connected with those for U6 or U5 by solid arrows, respectively. The signals for C4, C5

NH,
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and U6 are perturbed (broken arrows) due to the C to U conversion.
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We then determine the intensities of these signals and follow the time courses of their
changes. In the current case, the signal intensity at each time point is plotted in Figure 2-2A, B. The
plots for C6 and U6 were each fitted to a single exponential function, equations (2.2) and (2.1) in the
Experimental Procedure section, by which the rate constant, k, was found to be 0.28 = 0.01 h™' and
0.27 + 0.02 h™", respectively. This & value can be used as an index of activity. The time course of the
CS5 signal after conversion of C6 into U6 is plotted in Figure 2-2B, which shows the maximum. The
increase in the initial phase in Figure 2-2B is due to deamination of C6 to U6, and the decrease in
that in the later phase are indicated as C5 to U6 conversion. Then, the curvature was fitted by the
double exponential function shown in equation (2-3), & values (k; , 0.29 + 0.01 h™', and k», 0.0102 +
0.0010 h™") being calculated. This k; value corresponds to & calculated from the plot in Figure 2-2A.
Additionally, the deamination rate obtained from the U5 increase fitted by equation (2-2) was
0.00095 + 0.0010 h™', which corresponds to k». These findings indicates that the deaminase activity
of A3G_C against CCC is 30 times higher than that against CC. Enzymatic activity, depending on
specific activity, may be different for each purification lot. In order to ignore the lot difference,
activity was normalized as a ratio, taking the rate of deamination of C6 as 1.0. Figure 2-2C is a plot

of relative activity. In this study, relative activity is used as an index of deamination activity.

2-3. Discussion
2-3-1. Enzymatic properties of A3G_C as to CCC hotspots

In the Results section, we demonstrated that our real-time NMR monitoring method is a
powerful tool for evaluating the deamination reaction catalyzed by A3G_C of atomic resolution.
A3G exhibits sequential deamination activity that converts CCC into CCU and then CUU, which
may be the basis of the difference in the enzymatic preferences for the sequences (CCC and CC). It
was interesting that the time course of the deamination reaction can be used to evaluate a single
exponential function as a chemical reaction even if the substrate concentration is much higher
compared to that of A3G_C. These findings mean that substrates are saturated by A3G_C or that the
active site of A3G_C is unsaturated even under substrate-excess conditions. Harjes and coworkers
reported that they were not able to saturate the enzyme although they used very high substrate
concentrations of up to 10 mM, about 1,000 times that of A3G_C, the initial speed of the reaction
increasing linearly with substrate concentration (16). This finding suggested that either the reaction
cannot be described by a Michaelis-Menten-type mechanism or saturation of the enzyme occurs at a
substrate concentration much higher than 1,000-fold A3G_C (16). The rate constant for ssDNA at pH
7.4 without the enzyme is about 1x107"° s, (ca. 4x107 h™) (17). This finding means A3G C
accelerate deamination reaction about 7 x10° times, being not so effective as the most effective
group of enzymes (18). Furthermore, compared to other APOBEC family protein, A3G C in
Furukawa ef al. (14), the same construct as used in this study, was about 1,000-fold less active than
the same amount of APOBEC3A (19). These findings indicate that the active site of A3G_C may

have the ability to bind to much more substrate CCC. Anyway, we demonstrated that the deaminase
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activity of A3G_C can be evaluated as a single or double exponential function.
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Figure 2-2.

Deamination activity of A3G against 10-mer ssDNA with a single hotspot.

(A) The intensities of H5-H6 correlation signals for C6 and U6 at different reaction time points are
plotted. (B) The intensities of H5-H6 correlation signals for C5 and U5 at different reaction time
points are plotted as in (A). (C) The data were fitted to a single or double exponential function, by
which the rate constant, &, was obtained. The obtained ks were normalized as a ratio, taking the rate

of deamination of C6 as 1.0.

2-4. Conclusion
In this chapter, we presented methodology for real-time NMR spectroscopy in detail, and
described the ease of its usage and its applicability to systems exhibiting different temporal and

spatial resolution.
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2-5. Experimental Procedures
Preparation of wild-type APOBEC3G

Recombinant A3G C (residues 193-384) was expressed and purified as described in
Furukawa ef al. with minor modification (14). The pET15b-A3G _C expression plasmid, kindly
provided by Dr. Nagata (Kyoto University), was used to express N-terminal hexahistidine
(His6)-affinity tagged A3G C (14). Escherichia coli BL21(DE3/RIL) cells (Stratagene) were
transformed with the vector and grown in LB or TB medium at 37°C until OD 600<0.6, and
expression was induced by adding 1 mM IPTG for 4 hours. Cells were harvested by centrifugation
(3,000 g) for 20 min at 4°C. The cells containing A3G_C were lysed by sonication in a buffer
comprising 20 mM Tris-HCl (pH 7.5) and 500 mM NaCl. The supernatant was collected by
centrifugation (12,000 g) for 20 min at 4°C. The soluble fraction was loaded onto a Ni Sepharose
resin column (GE Healthcare), equilibrated with a solution comprising 20 mM Tris-HCI (pH 7.5),
500 mM NacCl and 30 mM imidazole. A3G_C was eluted with a linear imidazole gradient, 30—500
mM. The protein solution was dialyzed three times against a buffer comprising 20 mM Tris-HCI (pH
7.5), 500 mM NacCl, 10 uM ZnCl; and 5 mM DTT at 4°C. The His6 tag was cleaved with thrombin
protease (GE Healthcare) in 20 mM Tris-HCI (pH 7.5), 500 mM NacCl, 5 mM MgCl,, 10 uM ZnCl,
and 5 mM DTT at room temperature overnight. After removal of thrombin with Benzamidine
Sepharose resin (GE Healthcare), the solution was loaded onto a Ni Sepharose resin column
equilibrated with a solution comprising 20 mM Tris-HCI (pH 7.5), 500 mM NacCl, 10 uM ZnCl,, 5
mM DTT and 30 mM imidazole. The flow-through fraction was dialyzed more than three times
against the storage buffer comprising 20 mM Tri-HCI (pH 7.5), 30 mM NaCl, 10 uM ZnCl, and 5
mM DTT. Finally, the obtained A3G_C was passed through a syringe filter with a 0.45 pm pore size

PES membrane, and then stored until use at 4°C.

Preparation of substrate DNA
The substrate ssDNA, synthesized with a DNA synthesizer and purified by high
performance liquid chromatography (HPLC), was purchased from Fasmac Co., Ltd.

NMR spectroscopy

All NMR spectra were recorded at 25°C on a Bruker DRX600 spectrometer equipped with a
cryogenic probe and a Z-gradient (Bruker Biospin). Samples were prepared by mixing A3G C in
storage buffer with measurement buffer. The measurement buffer was prepared as storage buffer in
the Preparation of wild-type APOBEC3G section, except that 5% deuterium oxide was added. The
concentration of A3G_C was set at 2.0 uM, while that of the ssDNA was adjusted to 200 uM. After
mixing A3G_C and ssDNA, a series of two-dimensional 2D TOCSY spectra with a mixing time of
20 ms were recorded at different reaction time points (ca. 75 min to obtain a single 2D TOCSY
spectrum), by which the deamination of cytosines of ssDNA could be monitored in real-time.

Resonance assignments of the substrate ssDNAs were made using 2D TOCSY with the aid of 2D
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'H-"*C HSQC spectroscopy and also by comparing the chemical shifts with the assignments for
ATTCCCAATT previously reported (14). Water signal suppression was achieved with 3-9-19
watergate, and echo-antiecho pulse schemes in each 2D TOCSY and 2D '"H-">C HSQC measurement
(14, 15). Spectra were processed with NMRPipe (20), and analyzed using SPARKY (21).

The intensities of the peaks of either cytosine or uracil were plotted against time analyzed as
follows. The data were fitted to a single or double exponential function, using the following

equations, by which apparent deamination rate constants were derived:

1(t)ce = Lexp(—kt) + I (2.1)
I(t)U6 orUs = Is(l - exp(_kt)) + Ib (22)
[(t)cs = —ls; exp(—k;t) + I, exp(—kyt) + I, (2.3)

, where I, corresponds to the baseline intensity of the spectrum, /; the maximum signal intensity of
each phase, and k the apparent deamination rate constant, which was obtained by least-squares
analysis. The & value was used as an index of deaminase activity. The error was estimated as follows.
Firstly, the error of the NMR signal intensity was obtained from the base level noise of each NMR
spectrum. Then the error of the rate constant was calculated from data sets constructed by Monte
Carlo simulation using the error of the NMR signal intensity. Finally, the errors of the relative

activity were obtained by means of error propagation calculation.
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Chapter 3

Nucleic acid determinant for deamination by A3G_C

3-1. Introduction

Previously, it was reported the sequence of ssDNA out side of CCC hot spot affect
deaminase activity of A3G. Several groups reporteed CCCA/G are much favored than CCCT or
CCCC by A3G (1, 2). Chelico and coworkers found sequence context within nine nucleotides CCC
hot spot is positioned in center affect deaminase activity. The most favored target in 13 represented
sequences, AAACCCAAA or ATACCCAAA, are approximately 40 folds stronger than the last one,
TTTCCCTTT (2). Substrate-binding features and the deamination specificity of A3G were analyzed
by means of so-called nucleotide analog interference mapping (3). With this method, ssDNA
substrates containing single or multiple nucleoside analogs, that have a modification in the base,
sugar or phosphate moiety, are used for the UDG-based assay (3). Introduction of 2' -O-methyl
modification, methyl phosphotriester modification, or an abasic site at a single position in the
ssDNA revealed that the sugar and phosphate moieties of the nucleotides within the CCC hotspot and
its vicinity are important for substrate recognition by A3G (3). Moreover, introduction of pyrimidine
base analogs at positions adjacent to the deamination target site showed that A3G dictates the
exocyclic groups in pyrimidines 1-2 nt 5' to the target cytosine, therefore the authors concluded that
the base moieties of these nucleotides are critical for A3G to recognize the target cytosine (3).

Aditionally, we wondered if this substrate recognition mechanism is corresponds to sliding
or not. Furukawa and coworker previously utilized real-time NMR spectroscopy to monitor the
deamination reaction, with which one can detect the reaction directly in a site-specific manner with
high temporal and spatial resolution (4, 5). The advantage of this method is that it is sensitive as to
weak interactions because highly concentrated ssDNA (100 uM order) can be used. The real-time
NMR method first revealed that A3G deaminates the third cytosine of a CCC hotspot much faster
than the second one (CCC) (4). In the subsequent study, the deamination reactions of ssDNA
containing two CCC hotspots were monitored and it was revealed that full length A3G as well as
A3G_C can deaminate the two hotspots with 3'—5' polarity (5). Furthermore, by construction of a
kinetic model, in which nonspecific protein-ssDNA binding and sliding processes are incorporated,
the authors quantitatively analyzed the 3'—5' polarity of deamination by A3G_C (5). It was revealed
that the 3'—5' polarity of A3G C can be rationally explained by introducing the sliding
direction-dependent catalytic rate (5). The analysis provided the values for various kinetic parameters,
and importantly the catalytic rate of A3G_C was shown to be higher (ca. five-fold) when A3G C
approaches the target cytosine in the 3' to 5' direction rather than in the opposite direction (5).

Here, we applied the real-time NMR method to analyze the catalytic activity of A3G C
toward ssDNA oligonucleotides containing a nucleotide analog at a single or multiple positions to

identify nucleic acid determinants for deamination. Then, long ssDNA oligonucleotides, each
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containing two CCC hotspots connected by a long linker sequence of either deoxyribonucleotides,
ribonucleotides or abasic deoxyribonucleotides were used as substrates to identify the chemical
moieties of nucleotides that play a key role in the sliding of A3G_C. To confirm the importance of
the identified chemical moieties, the dependency of the 3'—5' polarity on the NaCl concentration

was examined.

3-2. Results
3-2-1. The effect of ribonucleotide substitution at a single position of a substrate ssDNA on
A3G_C's deaminase activity

The real-time NMR method was applied to monitor the deaminase activity of A3G C
toward a series of DNA nucleotides, each containing ribonucleotide substitution (more specifically,
2'-OH substitution) at a single position. The standard substrate was a 10-mer DNA nucleotide,
AAACCCGAAA (s3-1 DNA in Figure 3-1A), the corresponding ribonucleotides at positions 2 to 9
in the other substrates each being substituted. Figure 3-1B shows examples of signal assignment
using 'H-""C HSQC (H5-C5 correlation signals) spectra for three substrates, s3-1 DNA, s3-1 R4
and s3-1_R6. The three green signals in each spectrum in Figure 3-1B, are those of C4, CS5, and C6
of the CCC hotspots of the substrates before the addition of A3G_C. Several hours after the addition
of A3G _C (see legend to Figure 3-1B), the spectra of the different substrates showed different
outcomes. In the cases of s3-1 DNA and s3-1 R4, along with conversion of the target cytosine to
uracil (C6 to U6), the signal of C6 disappeared and decreased, respectively, and the U6 signal
appeared. On the other hand, for s3-1 R6, in which the target cytosine is substituted by a
ribonucleotide, no signal change was evident, indicating that deamination failed. Thus, it was clearly
shown that the real-time NMR method can distinguish the reactivity for the different substrates. For
detailed analysis with the real-time NMR method, we chased the intensity change of the HS—H6
TOCSY correlation signal with the targeted cytosine, C6, in each substrate. Figure 3-1C
demonstrates the TOCSY spectra of about 2 h (green) and 36 h (yellow) after mixing obtained for
s3-1 DNA and its analog (s3-1 R3 to s3-1 R7 in Figure 3-1A). The time course of the C6 intensity
of Figure 3-1C are plotted in Figure 3-2. It is clear that the decrease in the C6 intensity of four
chimeric substrates shown in Figure 3-2 are slower than that of DNA. These results indicates that
ribonucleotide substitution (2'-OH substitution) at the third to sevrnth position, that corresponds to
five sequential nucleotides CCC hotspot positioned in center, negatively affects A3G C's activity.
We performed this analysis for the other substrates listed in Fiure 3-3A, (s3-1 R2, s3-1 R8&, and
s3-1 R9, and a deamination rate constant, which is used as an index of activity, was calculated.
Similar to Figure 3-1, the TOCSY spectra of three DNA analog shown in Figure 3-3A are also
demonstrated in Figure 3-3B and time course of C6 of those chimeric DNA are also plotted and fitted

against one exponential function to calculate the rate constant of the reaction (Figure 3-3 (C)).
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Figure 3-1.

Examples of deamination assay for chimeric DNA containing a single DNA—RNA substitution.
(A) The sequences of chimeric nucleotides. Deoxyribonucleotide and ribonucleotide are colored
black and magenta, respectively. (B, C) Chemical shift assignment of chimeric DNAs shown in (A).
"H-"*C HSQC spectra (B) and TOCSY spectra (C, up) of each ssDNA substrate, AAACCCGAAA
(s3-1 DNA), AAACCCGAAA (s3-1 R4), and AAACCCGAAA (s3-1 R6), in which C to U
conversion occurs at underscored C6. The signals originated from the same molecule are connected
by gray line. Green signals in "H-">C HSQC spectra present before addition of A3G_C, while yellow
signals present 107 hours (s3-1 DNA), 74 hours (s3-1 R4), and 90 hours (s3-1 R6) after addition of
A3G C. Green and yellow signals in TOCSY spectra each present about 2 and 36 hours after

addition of A3G_C. Signals of C6 and U6 are connected by a solid arrow, while a broken arrow

indicates the signal perturbation of C5 due to the C6 to U6 conversion.
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Figure 3-2.

Deamination activity against chimeric DNA containing a single DNA—RNA substitution within
the central five sequential nucleotides.

The time course of the intensity change of C6 in TOCSY spectra shown in Figure 3-1(C) were

monitored.

To ignore the difference of specific activity of two A3G lots, relative activity, relative k&
value, was also calculated for further quantitative analysis as shown in Chapter 2. Figure 3-4
compares the relative activities of A3G_C toward ssDNA substrates, each having a single
ribonucleotide substitution at different positions. The relative activity of A3G C toward RNA
substrate (s3-1 RNA) is also included as a negative control. A3G C failed to deaminate this
substrate as well as s3-1 R6, the latter being mentioned above, and in both cases a 2'-OH
substitution was introduced at the targeted cytosine. Figure 3-4 indicates that the negative effect of a
2'-OH substitution on reactivity is great when the substitution is introduced within a CCC hotspot,
and also at the positions immediately flanking the 5' and 3' of the CCC hotspot, i.e. at the 5

nucleotide recognition sequence positioning the CCC hotspot at the center.
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Figure 3-3.

Deamination activity against chimeric DNA containing a single DNA—RNA substitution
outside of the central five sequential nucleotides.

(A) The sequences of chimeric nucleotides. Deoxyribonucleotide and ribonucleotide are colored
black and magenta, respectively. (B) Chemical shift assignment of TOCSY spectra of each ssDNA
substrate in (A). Green and yellow signals in TOCSY spectra each present about 2 and 36 hours after
addition of A3G_C. Signals of C6 and U6 are connected by a solid arrow, while a broken arrow
indicates the signal perturbation of C5 due to the C6 to U6 conversion. (C) The time course of the
intensity change of C6 in TOCSY spectra shown in (B) was monitored.
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Figure 3-4.

Deamination activity against chimeric DNA containing a single DNA—RNA substitution.

The activity against 10-mer DNA (black) and RNA (magenta) are shown as control. Relative activity
was defined as the ratio of the apparent deamination rate constant (k) obtained from the time course

of C6 signal intensity of each chimeric nucleotide to that obtained for DNA substrate.

3-2-2. The effect of 2'-OH substitution or abasic substitution in the flanking regions of a 5
nucleotide recognition sequence on deaminase activity

In the previous section we showed that a 5 nucleotide recognition sequence, containing a
CCC hotspot at its center, is important for A3G_C to exert its full deaminase activity. Here, we
attempted to determine whether or not the regions flanking the 5' and 3' to this 5 nucleotide
recognition sequence play any role in the reactivity of the substrates. A series of 10-mer DNA
nucleotides, each carrying either a ribonucleotide or abasic deoxyribonucleotide in the 5'- and
3'-flanking regions, was subjected to real-time monitoring.

As shown in Figure 3-5, the deaminase activities of A3G_C toward ssDNA substrates with
multiple ribonucleotide substitutions were quantified. s3-1 D3-6/R, residues 3-6 being
deoxyribonucleotides and the other residues being ribonucleotides, has a ribonucleotide substitution
at residue G7 that is one of the 5 nucleotide recognition sequence and was indicated to be critical for
deamination in the previous section. s3-1 D4-7/R (Figure 3-5A) also has a substitution in the 5
nucleotide recognition sequence at residue A3. The activity toward these substrates was extremely
low (Figure 3-5B, C), which is consistent with the results in Figure 3-4. Surprisingly, although the
deoxyribonucleotides are retained in the 5 nucleotide recognition sequence and ribonucleotide
substitutions are introduced only outside of the 5 nucleotide recognition sequence, the reactivity of
the substrate s3-1 D3-7/R turned out to be rather low. This indicates that the sugar moiety of the

nucleotides in the regions outside the 5 nucleotide recognition sequence also affects the deamination
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by A3G_C, which was not apparent in the single substitution experiments shown in Figure 3-4. It is
supposed that the effect of a substitution outside the 5 nucleotide recognition sequence on the
activity is small but that the effect becomes evident when such a substitution is introduced at
multiple positions. The substrates s3-1 D2-7/R and s3-1 D3-8/R each retain deoxyribonucleotides in
the 5 nucleotide recognition sequence, and additionally at the 5'- and 3'- flanking positions of the 5
nucleotide recognition sequence, respectively. The reactivity of s3-1 D2-7/R was higher than that of

s3-1 _D3-8/R. The further interpretation of these findings are discussed in the Discussion section.
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Figure 3-5.
Real-time monitoring of deamination reactions for substrates containing multiple

ribonucleotides.

(A) The sequences of chimeric nucleotides. (B) Chemical shift assignment of TOCSY spectra of each
ssDNA substrate in (A). Green and yellow signals in TOCSY spectra each present about 2 and 36
hours after addition of A3G_C. Signals of C6 and U6 are connected by a solid arrow, while a broken
arrow indicates the signal perturbation of C5 due to the C6 to U6 conversion. (C) Relative activity
was calculated by dividing the deamination rate constant for a substrates containing ribonucleotides

substitution.
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The deaminase activities of A3G_C toward ssDNA substrates that contain multiple abasic
deoxyribonucleotides in the 5'- and 3'-flanking regions were quantified, as shown in Figure 3-6. The
substrates s3-1 D3-6/X and s3-1 D4-7/X exhibited extremely low reactivity (Figure 3-6B, C). This
indicates that not only the sugar moiety but also the base moiety of the 5 nucleotide recognition
sequence is critical for the reactivity. The substrate s3-1 D3-7/X retains deoxyribonucleotides in the
5 nucleotide recognition sequence and abasic substitutions are introduced outside of the 5 nucleotide
recognition sequence. This substrate also showed a great reduction of reactivity, which indicates that
the base moiety of the nucleotides in the regions outside the 5 nucleotide recognition sequence also
affects the deamination reaction of A3G_C. Each of the substrates s3-1 D2-7/X and s3-1 D3-8/X
retains bases in the 5 nucleotide recognition sequence, and additionally at the 5'- and 3'- flanking
positions of the 5 nucleotide recognition sequence, respectively. The reactivity of s3-1 D2-7/X was
lower than that of s3-1 D3-8/X and was as low as that of s3-1 D3-7/X. The further interpretation of

these findings are discussed in the Discussion section.

3-2-3. The effect of 2'-OH substitution or abasic substitution at the linker region connecting
two CCC hotspots on the 3'—5' polarity

In the former study, we used an ssDNA substrate containing two CCC hotspots, connected
by a long linker region, to monitor the deamination reaction, and revealed that A3G_C can deaminate
the two hotspots with 3'—5' polarity (5). It was also revealed that the 3'—5' polarity is caused by
sliding, because the polarity disappeared when sliding was inhibited through the formation of a DNA
duplex at a linker region (5). Here, we substituted the linker region of an ssDNA substrate with a
poly-ribonucleotide or poly-abasic deoxyribonucleotide and then subjected it to real-time monitoring.
Thus, we attempted to reveal the effects of these substitutions on the 3'—5' polarity of A3G C's
deamination activity.

Figure 3-7A shows the design of chimeric DNAs containing two hotspots connected by
linker sequence with poly- adenine deoxynucleotide tail, one is control DNA comprise poly- adenine
deoxynucleotide and linker portion of the other is replaced to poly- adenine ribonucleotide or abasic
deoxyribonucleotide, respectively. Figure 3-7B shows an example of real-time NMR monitoring
using TOCSY spectra. Presented in green are the H5S—H6 TOCSY correlation signals of the residues
within the 5'-CCC hotspot (C4, C5, and C6) and 3'-hotspot (C32, C33, and C34) A3G_C at the ca. 2
hours (initial) time point. Upon C to U conversion at positions C6 and C34, all the signals were
perturbed. The signals at the 36 hours time point are shown as an example of the perturbation
(yellow). It can be seen clearly that the signals of C6 and C34 are separate from other signals, and
therefore changes in intensity can be followed unambiguously. Thus, we plotted the normalized
intensity against time for these signals (Figure 3-7C). The rate constant was calculated for each
substrate and the relative activity was obtained (Figure 3-7D). The values for the relative activity of
A3G_C toward C6 (in 5'-CCC hotspot) are almost the same for s3-2 poly-dA linker, s3-2_poly-rA
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linker and s3-2_abasic linker. Similarly, the values for the relative activity of A3G_C toward C34 (in
3'-CCC hotspot) are also almost the same for s3-2 poly-dA linker, s3-2 poly-rA linker and
s3-2 abasic linker. Using these values, the 3'—5' polarity of A3G_C deamination activity toward
each substrate was quantified as P, the ratio of the rate constant obtained for C6 to that obtained for
C34 (Figure 3-7E). P for s3-2_poly-rA linker and s3-2 poly-rA linker wre almost the same as that
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Figure 3-6.

Real-time monitoring of deamination reactions for substrates containing multiple abasic
deoxyribonucleotides.

(A) The sequences of chimeric nucleotides. X corresponds to abasic deoxyribonucleotide. (B)
Chemical shift assignment of TOCSY spectra of each ssDNA substrate in (A). Green and yellow
signals in TOCSY spectra each present about 2 and 36 hours after addition of A3G_C. Signals of C6
and U6 are connected by a solid arrow, while a broken arrow indicates the signal perturbation of C5
due to the C6 to U6 conversion. (C) Relative activity was calculated by dividing the deamination rate

constant for a substrates containing X substitutions.
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Figure 3-7.

The effect of the DNA to RNA or baselacking replacement at long DNA linker region on the
3'—5' polarity.

(A) Design of the chimeric nucleotides. Two CCC hot spots are connected by the linker, one is ontrol
DNA and the others are contains poly- adenine ribonucleotide (rA or A) or abasic eoxyribonucleotide
(X), respectively. The cytosines deaminated by A3G_C are underlined. (B-C) Deamination reaction
against each nucleotide shown in A was monitored. TOCSY spectra of the each nucleotide were
shown 2 hours (green) and 36 hours (yellow) after addition of A3G-C are superimposed (B). Signals
of C6 and C34 are connected with those of U6 and U34 by solid arrows, respectively. The signal
perturbations of the cytosines which is not involved the C to U conversion are also detected (broken
arrows). The time course of the signal intensity for C6 (red) and C34 (blue) of the each nucleotide
was displayed in (C) (D) Deamination activities toward C6 and C34 of each nucleotide shown in (A).
Relative activity was defined as the ratio of the apparent deamination rate constant & obtained from
the time course of C6 or C34 signal intensity of each nucleotide to that obtained for C6 of DNA
substrate. (E) The 3'—5' polarity against each nucleotide shown in (A) is displayed. P is defined as
the ratio of the apparent rate constant k obtained for C6 to that obtained for C34 for each nucleotide.
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for s3-2_poly-dA linker. These findings indicate that either a 2'-OH substitution or abasic substitution
in the linker region connecting two CCC hotspots does not have a negative effect on the 3'—>5'
polarity of A3G_C's deamination activity. Since the chemical moiety that is conserved in these three
substrates is the phosphate backbone, we hypothesized that the sugar and base moieties are not as
important as the phosphate backbone for A3G_C to slide along ssDNA. In other words, we assume
that the phosphate backbone tethers A3G_C to ssDNA via an electrostatic interaction when A3G_C
slides on an ssDNA.

3-3-4. NaCl concentration dependence of the 3'—>5' polarity

Our data suggested that the phosphate backbone of ssDNA contributes to its sliding. To
confirm this, we analyzed the effect of the NaCl concentration on the 3'—5' polarity of A3G C's
deamination activity. In Figure 3-8A, the values for the relative activity of A3G_C as to positions C6
and C34 (underlined) of the s3-3 substrate (AAACCCGAA,; AACCCGTAA) are plotted against
NaCl concentrations. The relative activity was calculated as the ratio of the rate constant obtained for
C6 or C34 of s3_DNA at each NaCl concentration to that obtained for C6 of s3-3 at 30 mM NacCl.
The plot of elative activity is bell-shaped (Figure 3-8), while the values for the 3'—5' polarity (P) is
changed monotonically against NaCl concentrations (Figure 3-8), which are rationally explained in

the Discussion section.
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Figure 3-8.

The effect of the NaCl concentration on the 3'—5' polarity of A3G_C's deamination activity.
(A) Relative activity was defined as the ratio of the rate constant obtained for C6 or C34 of
AAACCCGAA; AACCCGTAA (s3-3) at each NaCl concentration to that obtained for C6 of s3-3 at
30 mM NaCl. (B) 3'—5' polarity values (P) are plotted against NaCl concentration. The P at each
NaCl concentration is defined as the ratio of £ obtained for C6 to that obtained for C34.
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3-3. Discussion

3-3-1. The recognition sequence of A3G_C for deamination

In the Results section we demonstrated that the deamination activity of A3G_C toward
chimeric DNA dramatically decreased with a nucleotide substitution in the central five sequential
nucleotide region (Figure 3-1-3-6). These results indicate that A3G_C requires the 5 nucleotide
recognition sequence for deamination. Similar results were obtained on nucleotide analog
interference mapping analysis, which involving a UDG-based assay (3). We assume that introduction
of 2'-OH caused a direct steric clash between the hydroxyl group and the surface of the catalytic
pocket of A3G_C and/or an indirect one caused by conversion of the preferred sugar ring puckering
from the C2'-endo to the C3'-endo conformation. A direct and/or indirect clash is supposed to prevent
C6 from properly fitting into the catalytic pocket. A similar idea was proposed for human
activation-induced deaminase (AID), a member of the APOBEC protein family, to interpret the
reduction of activity caused by a 2'-F substitution in substrate DNA (6).

In Figure 3-5, the reactivity of s3-1 D2-7/R is higher than that of s3-1 D3-8/R, which
indicates that the introduction of a 2'-OH substitution at the 5'-flanking position of the 5 nucleotide
recognition sequence has a higher negative effect on the deamination activity than one at the
3'-flanking position. Thus, the requirement of being a deoxyribonucleotide is higher at the 5'-flanking
position than at the 3'-flanking position of the 5 nucleotide recognition sequence. In Figure 3-6, the
reactivity of s3-1 D2-7/X is lower than that of s3-1 D3-8/X, and is as low as that of s3-1 D3-7/X,
which indicates that an abasic substitution at the 3'-flanking position of the 5 nucleotide recognition
sequence has a higher negative effect on the deamination activity of A3G_C than one at the
3'-flanking position. Thus, the base moiety is more highly required at the 3'-flanking position than at
the 5'-flanking position of the 5 nucleotide recognition sequence. Altogether, the substitution of the
chemical moieties of nucleotides revealed that the regions relevant to the activity of A3G_C extend
outside the 5 nucleotide recognition sequence defined in the previous section, and that a deoxyribose
and a base are required at the 5'- and 3'-flanking positions of the 5 nucleotide recognition sequence,

respectively.

3-3-2. The nucleic acid determinant for A3G_C’s sliding.

In Figure 3-7, we demonstrates that the sugar and base moieties do not affect the deaminase
activity of A3G_C or 3'-5' polarity. Thus, we assume that the electrostatic interaction via the
phosphate backbone may be important when A3G_C slides on an ssDNA. Figure 3-8, we evaluate
the effect of NaCl concentration on deaminase activity as well as 3'—5' polarity. The relative activity
of A3G C at both C6 and C34 was the highest at 30 mM NaCl. As the concentration of NaCl
increased from 30 mM, the relative activity of A3G_C decreased. This is due to destabilization of the
complex of A3G_C with the hotspot through a decrease of the electrostatic interaction. The

decreased electrostatic interaction also causes the abortion of sliding, which results in a decrease of
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activity. The relative activity of A3G_C also decreased as the NaCl concentration decreased from 30
mM. In this case, the complex of A3G_C with the hotspot is stabilized excessively under low NaCl
conditions, which could result in interference with turn over. Additionally, sliding slows down on
tight interaction of A3G_C with the DNA strand, which results in a reduction of activity. In Figure
3-8B, the values for the 3'—5' polarity (P) of A3G_C are plotted against NaCl concentrations.
Interestingly, P was highest at the lowest NaCl concentration investigated in the present study (1
mM). P decreased rapidly as the concentration of NaCl increased, and eventually reached the value
of approximately one around the concentration of 400 mM. This indicates that the efficiencies of
deamination at the C6 and C34 sites became the same, namely, the 3'—5' polarity was lost, which
was probably due to the alleviation of sliding through facilitated dissociation of A3G_C from the
substrate ssDNA. P increased rapidly as the concentration of NaCl decreased. It is assumed that the
sliding speed itself decreased at low NaCl concentrations due to tight electrostatic interaction of
A3G_C with the DNA strand. However, it is also assumed that A3G_C hardly dissociated from the
DNA strand and continued to slide along it, which resulted in the high 3'—5' polarity value.

3-3-3. Deamination mechanism of A3G_C

In the previous section, we mentioned two kinds of interface of nucleic acids, a 5 nucleotide
recognition sequence and an electrostatic interaction via the phosphate backbone. Here we discuss
the interface in A3G_C. The charge and basic amino acids (arginine, histidine and lysine) distribution
on molecular surface are shown in Figure 3-9A, B, respectively. A positive charge (blue) as well as
basic amino acids are spread out over the molecular surface of A3G_C, which does not correspond to
the proposed DNA binding groove (4, 7, 8). On the other hand, the distribution of a negative charge
is similar to the proposed DNA binding groove shown by Chen et al. (7) or Furukawa et al. (4). It is
also possible that many residues take part in A3G_C’s sliding and we cannot focus on only a few
amino acids of this time. These findings indicate A3G_C uses individual binding surfaces when it
slides along DNA and when it binds to DNA for deamination. In other words, A3G_C possesses two
different binding mechanisms. Previously, Furukawa and coworkers reported that A3G C slides
along DNA without directional preference and that the catalytic rate depends on the direction of
sliding (5). Adding a new finding, we propose a deamination mechanism for A3G_C (Figure 3-10).
A3G_C requires the 5 nucleotide recognition sequence to exert deaminase activity (Figure 3-19A).
Before binding this area, A3G_C slides along the phosphate backbone via an electrostatic interaction
with no directional preference to search this area. 3'—5' polarity may cause the difference of entry,

and switch the interface of sliding and binding with the recognition sequence (Figure 3-10C).
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Figure 3-9.

The distribution of a positive charge on A3G_C.

(A) The charge distribution on the molecular surface is shown. Positive and negative charged regions
are shown in blue and red, respectively. (B) The basic amino acids distribution on the molecular
surface are highlighted. The arginine, histidine and lysine residues are colored cyan, yellow and blue,

respectively. Molecular graphics and analyses were performed with the UCSF Chimera package (9).
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Figure 3-10.

Deamination mechanism for A3G_C proposed in this study.

(A) A3G_C requires the 5 nucleotide recognition sequence to exert deaminase activity. (B) Before
binding this area, A3G_C slides along the phosphate backbone via an electrostatic interaction with
no directional preference to search this area. (C) The proposed origin of 3'—5' polarity is
demonstrated. 3'—5' polarity may cause the difference of entry, and switch the interface of sliding

and binding with the recognition sequence. These properties generate the deamination bias.

3-4. Conclusion

In this chapter, we investigated the nucleic acid determinants for deamination by A3G C
using a real-time NMR method in combination with a series of ssSDNA substrates each carrying a
nucleotide analog at a single or multiple positions. Firstly, we showed that the sugar and base
moieties of the 5 consecutive nucleotides, positioning the CCC hotspot at the center, as well as the 5'-
and 3'-flanking regions of the 5 consecutive nucleotides, are important for A3G _C to exert its
deamination activity. Secondly, we showed that A3G_C can tolerate the introduction of either a
2'-OH substitution in the sugar moiety or the removal of the base in the consecutive poly-nucleotide
to slide along an ssDNA and exert the 3'—5' polarity. This suggests that the electrostatic interaction
between A3G _C and the phosphate backbone of an ssDNA is the key for sliding. This idea was
confirmed by the fact that the 3'—5' polarity is dependent on the NaCl concentration.
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3-5 Experimental Procedures
Preparation of the protein and DNA substrates

A3G_C was expressed purified as described previously in Chapter 2. The obtained A3G_C
was dialyzed against the storage buffer comprising 20 mM Tris-HCL, pH 7.5, 30 mM NaCl, 5 mM
DTT, and 10 uM ZnCl,, and then stored until use at 4°C. All substrate ssDNAs were purchased from
Fasmac Co., Ltd.

NMR spectroscopy

All NMR spectra were recorded at 25°C with a DRX600 spectrometer equipped with a
cryogenic probe and a Z-gradient (Bruker Biospin). A final concentration of 200 uM each DNA
substrate was dissolved in 20 mM Tris-HCI (pH 7.5), 30 mM NaCl, 10 uM ZnCl,, 5 mM DTT, and
5% deuterium oxide. A final concentration of 0.8 or 2 uM A3G_C was used. To examine the NaCl
concentration-dependence of A3G_C's deaminase activity, the NaCl concentration was set to 1, 5, 15,
30, 45, 55, 65, 100, 150, 200, 250, 300, 350, 400, or 500 mM. After the addition of A3G_C, 2D
TOCSY (mixing time, 20 ms), 2D 'H-">C HSQC spectra of each DNA substrate were recorded at
different time points to monitor the deamination reaction in real-time. Water signal suppression was
achieved with 3-9-19 watergate, and echo-antiecho pulse schemes in each 2D TOCSY and 2D 'H-
BC HSQC measurement (4, 5). Resonance assignments of the oligonucleotides were carried out
using 2D TOCSY and 2D 'H-">C HSQC spectra (4, 5). Spectra were processed with NMRPipe (10),
and analyzed using SPARKY (11). The intensities of the peaks of either cytosine or uracil were
plotted against time and analyzed as in the previous section. The data were fitted to a single
exponential decaying function, using the following equation, by which apparent deamination rate
constants were derived:
[(t)c = Isexp(—kt) + 1, (3—1)
, Where I, corresponds to the baseline intensity of the spectrum, /5 + I, the signal intensity at time
point zero for cytosine, and k the apparent deamination rate constant, which was always obtained
through linear least-squares analysis. The value for the apparent deamination rate constant was used
as an index of activity. We defined P with the following equation:
_ ke
B k(C34)
, where ke and k(c3s) are the apparent deamination rate constants at positions C6 and C34 of a

P

(3-2)

38-mer ssDNA (s3_DNA). P can be regarded as a measure of the magnitude of 3'—5' polarity. The
error was estimated as follows. Firstly, the error of the NMR signal intensity was obtained from the
base level noise of each NMR spectrum. Then the error of the rate constant was calculated from data
sets constructed by Monte Carlo simulation using the error of the NMR signal intensity. Finally, the

errors of the relative activity and the P were obtained by means of error propagation calculation.
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Chapter 4

Deamination property of A3G_C coupled with sliding on the basis of the
pH-dependence

4-1. Introduction

In Chapter 3, it was shown that phosphate backbone is important for A3G_C to slide on the
DNA strand and thereby to exert the 3'—5' polarity. Subsequent analysis to investigate the
dependence of salt concentration on 3'—5' polarity suggested that electrostatic intermolecular
interaction tethers A3G_C onto ssDNA probably through interaction via phosphate backbone. In this
chapter, we investigated the pH effects on the structure, deaminase activity, and 3'—5' polarity of

A3G_C by using the real-time NMR monitoring method.

4-2. Results

4-2-1. The effects of pH and denaturant on the structure of A3G_C

Here we assessed the structure of A3G C in buffers having different pHs using CD
spectroscopy. Far-UV (200-260 nm) CD spectra were obtained at nine different pH values within the
range of 2.5-12.7 (Figure 4-1A, B). The patterns of the spectra in the range of pH 4.0-10.5 were
almost identical to that of the spectrum at pH 7.5, where A3G_C reportedly exerts deaminase activity
(1-4), indicating that A3G_C is in the native form within this pH range. Indeed, the spectra in the
range of pH 4.0-10.5 show strong negative intensity around the wavelength range of 210-230 nm,
which is generally known as an indication of the presence of secondary structures (5). In Figure 4-1C,
the variation in the molar ellipticity at 220 nm ([f]220) of A3G_C at 20 different pH values in the
range of 2.5-12.7 is showed. The average value of [f]x0 was -5.1x10° deg-cmz-dmol_] in the range
of pH 4.0-10.5, where A3G_C has the native structure, as mentioned above. However, at pH
values lower and higher than pH 4.0 and 10.5, respectively, the values of []»0 were higher (ca.
—4.0x10° deg-cm®-dmol "), which implies that the content of the secondary structures was somehow
lower.

Next, to evaluate whether or not A3G_C is in the native form in the region of pH < 4.0 and pH
> 10.5 ([0]220 value of ca. —4.0x107), we conducted guanidine-induced denaturation of A3G_C at
pH 7.5 (Figure 4-2A). The [f]x0 value was plotted against the concentration of guanidine
hydrochloride (GdHCI) (Figure 4-2 B). Then, we fitted the plotted data to equation (4-1) in the
Experimental Procedures section to obtain a guanidine-induced denaturation curve, which describes
a two-state transition model, and determined the apparent unfolding free energy (AGay,) and
cooperativity (map, ) values to be 3.3 £ 0.3 kcal'mol ™' and 1.6 + 0.1 kcal'mol "M, respectively
(Table 4-1). For reference, we also investigated guanidine-induced denaturation of A3G C at pH 7.5

using fluorescence spectroscopy (Figure 4-2C) The fluorescence spectrum with zero GAHCI showed
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a maximum at 335 nm, while at the highest GAHCI concentration (5.8 M), the maximum was at 348
nm (red-shifted), which strongly suggests that the tertiary structure of A3G_C has denatured almost
completely (6) (Figure 4-2C). Here, fluorescence intensity at 335 nm was plotted against the
concentration of GdHCI and fitted to the aforementioned equation (4-1), and the AGay, and Mgy
values were determined to be 3.2 + 0.4 kcal'mol ' and 2.0 + 0.2 kcal'mol "M, respectively (Table
4-1). The [O]220 value of the CD spectrum and the fluorescence intensity at 335 nm are generally
appreciated to be probes to determine the contents of secondary and tertiary structures, respectively
(6). Since, the AG,p, values obtained on CD and fluorescence spectroscopies are the same within

error, the unfolding of A3G_C’s secondary and tertiary structures is highly cooperative.
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Figure 4-1.
The pH dependence of the structure of A3G_C by CD spectra.
(A-B) Far-UV (200-260 nm) CD spectra of A3G_C at pH 2.5-7.0 (A) and pH 7.5-12.7 (B) are

shown. (C) The pH dependence of molar ellipticity at 220 nm. Colors correspond to those used in

(A), (B).
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Figure 4-2

GdHCl-induced equilibrium unfolding transitions of A3G_C by CD and fluorescence spectra.

(A) CD spectra of A3G_C in concentration of GdHCI from 0 to 5.8 M (in 0, 1.4, 1.7, 2.3, 2.9, 3.8,
5.8 M) at pH 7.5. (B) Unfolding transition curves monitored by molar ellipticity at 220 nm in (A).
(C) Fluorescence spectra of A3G_C in concentration of GdHCI from 0 to 5.8 M (in 0, 1.4, 1.7, 2.3,
2.9, 3.8, 5.8 M) at pH 7.5. Colors correspond to those used in (A). (D) Unfolding transition curves

monitored by fluorescence intensity at 335 nm in (C).

Table 4-1.
Thermodynamic parameters for guanidine-induced denaturation of A3G_C obtained by CD

and fluorescence spectroscopy.

CD Fluorescence
AGapp (kcal'mol ") Mapp (kcal'mol "M ) AGapp (kcal'mol ") Mapp (kcal'mol "M ™)
33+0.3 1.6+0.1 32+04 2.0+0.2
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4-2-2. The effect of pH on the deaminase activity of A3G_C

Our real-time NMR monitoring method was applied to investigate the deaminase activity of
A3G _C for a 10-mer ssDNA (s4-1), AAACCCGAAA (C to U conversion occurs at underscored
cytosine, C6), at nine different pH values (pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.5,10.5,11.4, and 12.7). In each
experiment, the final concentrations of A3G_C and s4-1 were adjusted to 0.8 uM and 200 pM,
respectively. A series of 2D TOCSY spectra for s4-1 were obtained at several reaction time points at
each pH value. As an example, Figure 4-3A shows the spectra of s4-1 at pH 7.5, at time points 1.6
and 53 hours after addition of A3G_C to s4-1 (green and yellow signals, respectively). In Figure
4-3A, the H5-H6 correlation signals of C4 and U6 overlap, so the assignments were made with the
aid of 2D "H-">C HSQC spectroscopy to discriminate between C and U (data not shown).

We collected the intensities of C6 signals, which were isolated from other signals, and
followed their decreases during the reaction time course for each pH value. The time courses of the
intensity decrease are plotted in Figure 4-3B. The plot for each pH was fit to aforementioned single
exponential decaying function, equation (4-3), individually, and the rate constant, &, at each pH was
obtained (Table 4-2). Since the k£ value can be considered as an index of activity, we defined the
relative activity as the ratio of & at a particular pH to that at pH 6.5. In the pH range studied here, the
relative activity was highest at pH 6.5 and decreased as the pH increased (Figure 4-3C).

We also applied the current analysis to the lower pH rang of pH 2.5 to 6.0. Within this pH
range, the time course of the intensity decrease of C6 signals did not show simple single exponential
decay, but rather a sigmoidal-like curve. Our intention was to investigate the pH dependence of the
3'—>5' polarity of the deaminase activity, therefore we decided to carry out the subsequent

experiments in the pH range of 6.5-12.7 to make the analysis simple.

Table 4-2.

Relative activities of A3G_C for s4-1 at pHs ranging from 6.5 to 12.7.
pH Relative activity (C6)
6.5 1.00 £0.05
7.0 0.64+£0.10
7.5 0.25+£0.02
8.0 0.091 £ 0.005
8.5 0.089 £+ 0.004
9.5 0.015+0.001
105  (5.0+£0.3)x10°
114  (64+0.5)x10"*

12.7 n.d.

n.d., not detected.
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Figure 4-3.

Effect of pH on the deaminase activity of A3G_C for a 10-mer ssDNA as assessed by real-time
NMR monitoring.

(A) Superpositioning of 2D TOCSY spectra of AAACCCGAAA (s4-1) at two reaction time points at
pH 7.5 is presented as a representative. C to U conversion occurred at the underscored cytosine (C6).
The HS5-H6 correlation signals of cytosines and uracils are shown: green and yellow signals
correspond to reaction time points 1.6 and 53 hours after addition of A3G_C, respectively. The signal
of C6 is connected with that of U6 by a solid arrow. The signals of C4 and CS5 are perturbed (broken
arrows) due to the C6 to U6 conversion. (B) The time courses of the intensity changes were plotted
for C6 of s4-1 at pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.5, 10.5, 11.4, and 12.7. The data for each pH were fitted
to a single exponential function individually, by which the rate constant, &, at each pH was obtained.
(C) Relative activities for C6 are plotted against pH values. The relative activity at each pH was
defined as the ratio of & at that particular pH to that obtained at pH 6.5.
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4-2-3. The effect of pH on the 3'—>5' polarity of A3G_C

We, next, used a 38-mer ssDNA substrate (s4-2), AAACCCGA,4CCCGTAA, to investigate
the deamination reaction of A3G_C at nine different pH values (pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.5, 10.5,
11.4, and 12.7). This s4-2 contains two CCC hotspots, whose third positions, C6 and C34 (underlined
in the sequence), are converted to uracil by A3G_C. In each experiment, the final concentrations of
A3G_C and s4-2 were adjusted to 0.8 uM and 200 uM, respectively. A series of 2D TOCSY spectra
for s4-2 at several reaction time points were obtained at each pH value in the same way as for s4-1 in
the previous sections. We collected the intensities of C6 and C34 signals, and plotted them against
time (Figure 4-4A). The plots for the C6 and C34 signals at each pH were each fitted to equation
(4-3) individually, by which the rate constants were obtained. The relative activities at different pHs
were then calculated (Table 4-3), and are compared in Figure 4-4B. Here the relative activities for C6
and C34 at each pH were defined as the ratios of their £ values to the k value obtained for C6 at pH
6.5. The pH dependence trends of the relative activity for C6 and C34 in s4-2 were the same in each
case as the trend observed for C6 in s4-1; the k values being highest at around pH 6.5-7.0 and
decreased as the pH increased (Figure 4-4B). Again, the activity of A3G_C decreased significantly
above pH 9.5 and became negligible around pH 12.7. At all pH values, the relative activity for C6
was higher than that for C34.

Subsequently, the 3'—5' polarity of A3G_C’s deaminase activity for s4-2 at each pH value
was quantified as P, the ratio of the rate constant obtained for C6 to that obtained for C34 (Figure
4-4C and Table 4-3). P showed the highest value of ca. 4.8 at pH 6.5 and decreased as the pH
increased, and then P reached a plateau with a value of ca. 3.5 at pH 8.0 and stayed almost the same
to pH 11.4.

Table 4-3.
Relative activity and 3'—5' polarity values (P) of A3G_C for s4-2 at pHs ranging from 6.5 to
12.7.
pH Relative activity (C6) Relative activity (C34) 3'—>5' polarity (P)
6.5 1.00 +£0.14 0.21 £0.06 4.8+0.6
7.0 1.03+0.21 0.24 £0.06 43+0.8
7.5 0.29 +£0.04 0.073 £0.011 39+04
8.0 0.063 £0.011 0.021 +0.004 3.0+0.5
8.5 0.076 = 0.008 0.022 £ 0.002 34+03
9.5 0.018 = 0.002 (5.6 +0.4)x107° 33+0.2
105  (6.6+0.9)x10"° (2.1+0.2)x10°° 32+04
114  (1.6+02)x107° 4.7+ 1.1)x10™* 3.5+0.3
12.7 n.d. n.d. n.a.

n.d., not detected. n.a., not applicable.
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Figure 4-4.

Real-time NMR monitoring of deamination reactions for ssDNA having two CCC hotspots at
various pHs.

(A) The time courses of the intensity were plotted for C6 and C34 of AAACCCGA,sCCCGTAA
(s4-2) at pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.5, 10.5, 11.4 and 12.7. C6 and C34, which are converted to U,
are underscored in the sequence. The data of C6 and C34 for each pH were fitted to a single
exponential function individually, by which the rate constant, k, at each pH was obtained. (B)
Relative activities for C6 (red) and C34 (blue) are plotted against pH values. The relative activities
for C6 and C34 at each pH were defined as the ratio of their ks at each pH to that obtained for C6 at
pH 6.5. (C) 3'—5' polarity values (P) are plotted against pH values. P at each pH is defined as the
ratio of k obtained for C6 to that obtained for C34.

4-3. Discussion
4-3-1. The origin of ow deaminase activity in higher pH range

We then estimated the fraction of the folded state for A3G_C at different pH values using
equation (4-2). As a result, in the range of pH 4.0—10.5, the fraction of the folded state was found to
be 90 %, while it was 58 % in the range of pH 11.0-12.7. The deaminase activity of A3G_C turned
out to be higher at lower pH and decreased as the pH increased within the range of pH 6.5-11.4.
ssDNA is negatively charged because it has phosphate moieties, therefore we suppose that this trend
is due to a reduction of the stability of the complex between A3G_C and ssDNA due to the weakened
electrostatic interaction with an increase in pH value. We also noticed that the activity of A3G_C was
significantly decreased above pH 9.5 and become negligible around pH 12.7. According to the
analysis in the previous section, the fraction of the folded state of A3G_C in the range of pH 9.5—
12.7 was between 92 % (pH 9.5) and 50 % (pH 12.7). Therefore, we assume that the low deaminase
activity in this pH range is due not only to the denaturation of A3G_C, but also to decreased stability
of the complex between A3G_C and ssDNA.

4-3-2. The difficulty of evaluating deaminase activity in lower pH range

Within the lower pH rang of pH 2.5 to 6.0, the time course of the intensity decrease of C6
signals showed a sigmoidal-like curve. The reasons for this phenomenon are not apparent, however,
the protonation/deprotonation equilibria of histidine and/or cytosine may play roles. Previously, it
was shown that the deaminase activity of A3G_C becomes maximum at pH 5.5 (3). Since this pH is
close to the pKa value of the imidazole of histidine (ca. 6.0 in general), it was suggested that the
protonation of histidine 216 is the key to the promotion of the deaminase activity (3). As for cytosine,
we observed that the chemical shift values of the H5—H6 correlations were significantly perturbed at

different pH values within the range of 2.5-6.0, which is supposed to be related to the protonation of
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cytosine. In those reason, we conclude that it is difficult to evaluate the deaminase activity of A3G_C
by single-exponential function as well as higher pHs, however those phenomena may be important to

characterize the deaminase mechanism of A3G.

4-3-3. The key interaction for 3'—5' polarity

Previously, Furukawa and cowerkers showed that A3G_C does not exert 3'—=5' polarity for
an ssDNA substrate whose two CCC hotspots are linked by a double-stranded DNA stretch (4). Then,
we revealed that the electrostatic intermolecular interaction between A3G_C and ssDNA is the key
for sliding, by demonstrating that the lower the NaCl concentration the higher the 3'—5' polarity in
Chapter 3. These findings indicated that the 3'—5' polarity occurs because A3G_C slides along the
phosphate backbone of the ssDNA stretch between the two CCC hotspots in Chapter 3. In this
chapter, we investigated the pH dependence of the 3'—5' polarity. The results indicated that the lower
the pH, the higher the 3'—5' polarity in the range of pH 6.5-8.0. These results resemble the effect of
NaCl in Chapter 3. This can be explained by that the electrostatic intermolecular interaction between
A3G _C and ssDNA is strengthened at lower pH, thereby the abortion of sliding is repressed,
resulting in the high 3'—5' polarity.

4-4. Conclusion

Here, we investigated the effects of pH on the deamination reaction and 3'—5' polarity of
A3G_C. A3G_C was firstly shown to retain its native structure fully or to some extent at the pH
values studied (pH 4.0-12.7) by CD spectroscopy. Then real-time NMR spectroscopy was applied to
a 10-mer ssDNA containing a single CCC, by which it was shown that the deaminase activity of
A3G_C decreases as the pH increases. This was explained by a reduction in the stability of the
complex between A3G_C and ssDNA due to the weakened electrostatic interaction with an increase
in the pH value. Lastly, a 38-mer ssDNA having two CCC hotspots connected by a long poly-adenine
linker was used to show that the 3'—5' polarity of A3G_C increases as the pH decreases in the range
of 6.5-8.0. This finding can be rationalized that stronger electrostatic intermolecular interaction
between A3G_C and ssDNA at lower pH represses the abortion of sliding, resulting in high 3'—-5'
polarity.

4-5. Experimental Procedures
Preparation of the protein and DNA substrates

A3G _C was expressed purified as described previously in Chapter 2. The obtained A3G C
was dialyzed against a storage buffer comprising 20 mM Tris-HCI, pH 7.5, 30 mM NaCl, 5 mM DTT,
and 10 uM ZnCl,, and then stored until use at 4°C. All substrate ssDNAs, a 10-mer ssDNA
(AAACCCGAAA; s4-1) and a 38-mer ssDNA (AAACCCGA4sCCCGTAA; s4-2) were purchased

from Fasmac Co., Ltd.
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Circular dichroism (CD) and fluorescence spectroscopy

Samples were prepared by mixing A3G_C in storage buffer with several measurement
buffers having different pHs (1:19 ratio). The final concentration of A3G_C was adjusted to 6 pM.
Different buffer systems were used to obtain different pH solutions: Glycine-HCl (pH 2.5-3.5),
Acetic acid-Sodium acetate (pH 4.0-5.5), Bis-Tris-HCl (pH 6.0-7.0), Tris-HCI (pH 7.5-8.5),
CHES-NaOH (pH 9.0-9.5), CHAPS-NaOH (pH 10.0-11.0), and Triethylamine-HCI (pH 11.4-12.7).
The concentrations of these buffers were adjusted to 20 mM, and 30 mM NaCl, 1 mM DTT and 10
uM ZnCl, were added to obtain the measurement buffers. Equilibrium denaturation was carried out
using different concentrations of guanidine hydrochloride (GdHCI) in the range of 0 to 5.8 M at pH
7.5. All CD and fluorescence measurements were carried out at 25°C.

CD spectra in the far-UV region (200-260 nm) using an optical path cell of 0.1 cm were
obtained with a Jasco J-720A spectrometer (Japan Spectroscopic Co.). All spectra were
background-corrected, smoothed, and converted to molar ellipticity [0] (deg-cm®-dmol ") (5).

Fluorescence spectra were collected with a Jasco FP-8500 spectrometer (Japan
Spectroscopic Co.) using an optical path cell of 1 cm. The spectra slit width of 5 nm was used for
excitation and emission. The excitation wavelength was 295 nm and the fluorescence intensity at the
emission wavelength in 300450 nm was monitored.

The thermodynamic parameters for guanidine-induced denaturation curves were obtained by

least squares fitting using two-state equations (7,8).

—AG,,, + My, [GAHCI
(ay + by[GAHCI]) + (ay + by [GdHCl])exp( = ;nTpp[ ]>
_ 4-1
Sobs _AGapp + Maypp [GdHCl] ( )
1+ exp RT

The data were fitted using Equation (1), where sqps is the molar ellipticity or fluorescence intensity
observed; an (ay) and b (by) the intercept and slope of the base line at low (N) and high (U) GdHCI
concentrations, respectively; R the gas constant; 7 the absolute temperature in K; [GdHCI] the
GdHCI concentration; and AG,,p, and may, the free energy and cooperativity of folding calculated
with Equation (4-1), respectively. The errors were estimated using a single-elimination Jack-knife
procedure (9).
The fraction of the folded state (/) at each pH was calculated using the equation,
fn=0-Yy)/(IWn=Yy) (4-2)

, where Y is the [#] value at 220 nm ([@]220) at each pH. Yy and Yy, corresponding to ax and ay
indicated above, respectively, are [@]220 for the folded and unfolded states at pH 7.5 and [GdHCI] = 0,
respectively (Yy = —5.2x10°, Yy = —2.5x10°) (8).
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NMR spectroscopy

NMR spectra were recorded at 25°C with either a DRX600 or Avance III 600 spectrometer,
both being equipped with a cryogenic probe and a Z-gradient (Bruker Biospin). Samples were
prepared by mixing A3G_C in storage buffer with several measurement buffers having different pH.
The measurement buffers were prepared as in the previous section, except that DTT was adjusted to
5 mM and 5% deuterium oxide. The concentration of A3G_C was set at 0.8 uM, while that of the
ssDNA substrates was adjusted to 200 pM. After mixing A3G_C and ssDNA together, a series of 2D
TOCSY with mixing a time of 20 ms were recorded at different reaction time points, by which the
deamination reaction of cytosines of ssDNA could be monitored in real-time. Water signal
suppression was achieved with 3-9-19 watergate. Resonance assignments of the substrate ssDNAs
were made using 2D TOCSY with an aid of 2D 'H-"*C HSQC spectroscopy and also by comparing
the chemical shifts with the assignments for ATTCCCAATT, AAACCCGAAA and
AAACCCGA,4CCCGTAA, previously studied (2 and Chapter 3). Spectra were processed with
NMRPipe (10), and analyzed using SPARKY (11).

The intensities of the peaks of either cytosine or uracil were plotted against time and
analyzed as previous section. The data were fit to a single exponential decaying function, using the
following equations, by which apparent deamination rate constants were derived:

[(t)c = Isexp(—kt) + 1, (4—3)

, Where I, corresponds to the baseline intensity of the spectrum; /5 + I, the signal intensity at time
point zero for cytosine; and k the apparent deamination rate constant, which was always obtained
through linear least-squares analysis. The value for the apparent deamination rate constant was used
as an index of activity.

We defined the P with the following equation:
kce)
k(C34)
, where k(ce) and k(c34) are the apparent deamination rate constants at positions C6 and C34 of a

P =

(4—4)

38-mer ssDNA (s4-2). P can be regarded as a measure of the magnitude of 3'—5' polarity. The error
was estimated as follows. Firstly, the error of the NMR signal intensity was obtained from the base
level noise of each NMR spectrum. Then the error of the rate constant was calculated from data sets
constructed by Monte Carlo simulation using the error of the NMR signal intensity. Finally, the

errors of the relative activity and the P were obtained by means of error propagation calculation.
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Chapter 5

Real-time monitoring of the deamination reaction of A3G_C in presence of the Vif
protein complex

5-1. Introduction

It is reportedly said that the Vif protein destroys A3G mainly through the ubiquitin
proteasomal pathway (1-3). A3G_N is supposed to be key for this phenomenon because A3G N, not
A3G_C, is the target of Vif (4-6). Recently, the crystal structure of the Vif protein complex was
determined. Interestingly, Britan-Rosich and coworkers reported that a 15-mer fragment of Vif
peptide directly inhibits the deaminase activity of full length A3G (7). In particular, 25-39 and 105—
119 of Vif drastically reduced the deaminase activity of A3G (7). Recently the Vif protein was
successfully purified by co-expression with CBFp, EloB and EloC following co-purification with the
N terminal domain of Cul5 (8-10). Guo and coworkers also presented the crystal structure of the
Vif-CBFB-EloB-EloC-Cul5 complex (Vif-complex) and found that the Vif protein retains the novel
unique fold (Figure 5-1A) (10). The Vif protein is composed of two domains, N-terminal domain and
C-terminal domain (1-3). Both domains exhibit strong RNA binding abilities with dissociation
constants in the nanomolar range, which enables co-oligomerization with RNA (11). Here we

examine purification of the Vif-complex and deaminase activity of A3G_C in the presence of Vif.

5-2. Results
5-2-1 Constructs of the Vif protein complex

Firstly, we constructed a Vif protein complex. We took the crystal structure of the Vif
complex as a model for our protein construct (Figure 5-1A) (10). This structure is composed of
HIV-1 Vif (1-192), CBFpB (1-170), EloB (1-102), EloC (17-112), and Cul5 (12-386), a 1:1:1:1:1
complex (10). Here we used HIV-1 Vif (1-192), CBFp (1-182), EloB (1-118), EloC (17-112), and
Cul5 (12-386), as shown in Figure 5-1B. The difference between the two constructs is the protein
length, we used full length CBFp and EloB (in the crystal structure, Vif is tagged but not CBFp) (10).
A schematic representation of the Vif protein purification strategy is shown in Figure 5-1C (details
are given in the Experimental Procedures section). The Vif-CBFB-EloB-EloC complex was
co-expressed in Escherichia coli and purified, and then mixed with Cul5 individually purified. The
mixture was further purified by liquid chromatography. The concentration of the purified Vif protein
complex was quantified as the UV absorbance at 280 nm and the band strength on SDS-PAGE. The
results of SDS-PAGE are shown in Figure 5-1D. These findings indicate that we obtained a purified
Vif-CBFB-EloB-EloC-Cul5 complex, the ratio of components being 1:1:1:1:1.
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Design of the Vif complex.

(A) Structure of the Vif complex (10). Vif, CBFp, EloB, EloC, and Cul5 are colored pink, green,
purple, yellow, and light blue, respectively. Molecular graphics and analyses were performed with
the UCSF Chimera package (12). (B, C) Design of the Vif protein complex purification system. The
details are shown in the Experimental Procedures section. Schematic representation of the
Vif-complex expression plasmid (B), and the purification strategy for the Vif complex (C) are shown.
(D) The results of SDS-polyacrylamide gel electrophoresis of the purified Vif complex.The left
column is the stock solution (20 uM) and right column is 11 times diluted one. The gel was stained
with Coomassie brilliant blue.
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5-2-2 Deamination assaying in the presence of the Vif protein complex

We next evaluated the deaminase activity of A3G_C in presence of the Vif complex. We
used two CCC hotspot containing ssSDNA AAACCCGA,sCCCGTAA (s5, corresponds to s3-3 and
s4-2) as a substrate. Figure 5-2A, B show examples of real-time NMR monitoring of the deamination
reaction using 2D TOCSY spectra in the absence and presence of the Vif complex (0, 0.8, 11 uM).
Relative activity is plotted at each Vif concentration in Figure 5-2C. It is clear that the deaminase
activity toward target C decreases as the Vif concentration increases and the deamination activity
was lost at 22 uM Vif protein. Interestingly, the P value also decreased as the Vif concentration

increased (Figure 5-2D).

5-3. Discussion
5-3-1 Vif mediated deamination inhibition

It was shown that the Vif protein complex directly inhibits the deaminase activity of A3G_C.
Surprisingly, Vif shout out deaminase activity approximately 1/10 of substrate DNA and 25 fold of
A3G_C concentration. This kind of inhibition has also been found using denatured full length Vif
and 15-mer peptide fragments derived from Vif decreased the activity of full length A3G (7). In their
study, Britan-Rosich and coworkers found that at least two kinds of fragment that inhibit deaminase
activity. They mentioned that the Vif protein interacts with the ES complex of A3G, which results in
a decrease of deaminase activity (7). A3G_N is supposed to possesses a binding interface for Vif (4—
6). On the other hand, A3G_C may also be able to bind to Vif on mammalian protein-protein
interaction trap (MAPPIT) analysis (5). Their suggestion indicated that the binding affinity of
A3G_C may be the result of inhibition of deaminase activity. 3'—=5' polarity also decreased as the Vif
concentration increased, which indicates the Vif complex also blocks sliding of A3G_C. The Vif
protein retains strong binding affinity with RNA, which may cause their co-oligomerization (11).
The Vif protein has strong positive charge on its molecular surface (10). Thus, it is possible that the
Vif complex competitively binds to ssDNA and blocks sliding of A3G_C. Anyway, the Vif protein
destroys A3G not only through its proteasomal degradation but also through direct interference with
deamination. This finding will be useful to investigating novel anti-HIV-1 drugs using A3G because
this kind of drug is required to rescue A3G from Vif binding as well as help it exert deaminase
activity. Our real time NMR monitoring method can be used for screening such chemicals that may

be new drugs.
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Figure 5-2.

Real-time monitoring of deamination reaction of A3G_C in the presence of the Vif complex.

(A) An example of real-time monitoring of the deamination reaction using 2D TOCSY spectra in the
presence of three different Vif complex concentrations (0, 0.8, and 11 uM). The sequence of the
substrate sSDNA is AAACCCGAsCCCGTAA (s5). The time point of each spectrum is shown in the
panel. (B) The time course of the signal intensity of target C shown in (A). (C) Relative activities for
C6 (red) and C34 (blue) are plotted against the Vif complex concentration. The relative activities for
C6 and C34 at each pH were defined as the ratio of their ks at each Vif complex concentration to that
obtained for C6 in absence of the Vif complex. (D) 3'—=5' polarity values (P) are plotted against the
Vif complex concentration. The P at each pH is defined as the ratio of £ obtained for C6 and C34.
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5-4. Conclusion

We evaluated the deaminase activity ofA3G_C in the presence of the Vif protein complex.
As the concentration of Vif complex increased, the deaminase activity as well as 3'—5' polarity
decreased and finally disappointed completely. These results indicates that the Vif complex may be
interact with A3G_C and ssDNA. This binding affinity of the Vif complex may block the sliding of
A3G_C. This finding indicates that our real-time NMR monitoring method is a powerful tool for
screening chemicals for anti HIV-1 drugs that help A3G to exert deaminase activity in the presence
of the Vif protein.

5-5. Experimental Procedures
Preparation of A3G_C and DNA substrates

A3G_C was expressed and purified as described previously in Chapter 2. The obtained
A3G_C was dialyzed against a storage buffer comprising 20 mM Tris-HCIL, pH 7.5, 30 mM NaCl, 5
mM DTT, and 10 uM ZnCl,, and then stored until use at 4°C. All substrate ssDNAs were purchased

from Fasmac Co., Ltd.

Preparation of the Vif protein complex

The genes of full length Vif, CBFp, EloB, EloC and Cul5 were kindly donated by Dr.
Takaori-Kondo and his coworkers. Full length Vif (residues 1-192) was cloned into the pRSF
Duet-1vector. Full length CBFp isoform 2 (residues 1-182) from human was cloned into pET15b
with a N-terminal His6-affinity tag and a thrombin cleavage site. Full length EloB (residues 1-118)
and truncated EloC (residues 17-112) were cloned into the pCDF Duet-1 plasmid. The N terminal
domain of Cul5 (residues 12-386) was cloned into the pGEX6p vector with a prescission protease
cleavage site. The constructs used in this chapter and their purification strategy are summarized in
Figure 5-1. Vif, CBFp, EloB and EloC were co-expressed, and Cul5 was separately expressed in
Escherichia coli BL21(DE3) cells. The proteins were cultured in LB medium and over-expressed for
18 hours at 16°C by induction with 0.1 mM IPTG. Harvested cells were lysed in 20 mM Tris-HCI
(pH 7.5) with 150 mM NaCl, and then clarified by sonication and centrifugation at 3,000 g for 20
min. The Vif, CBFp, EloB and EloC complex was first purified using Ni Sepharose resin (GE
Healthcare). The resin were washed with a solution comprising 20 mM Tris-HCI (pH 7.5), 500 mM
NaCl and 30 mM imidazole, and the bound proteins were eluted with a buffer comprising 20 mM
Tris-HCI (pH 7.5), 500 mM NaCl and 500 mM imidazole. The Cul5 supernatant was loaded onto
glutathione sepharose 4B resin (GE Healthcare). The resin were washed and the bound proteins were
cleaved with precision protease (GE Healthcare) overnight at 4°C. The cleaved Cul5 was eluted from
the resin with lysis buffer. The Vif, CBFp, EloB and EloC complex, and Cul5 were mixed and
dialyzed more than three times against buffer comprising 20 mM Tri-HCI (pH 8.0), 30 mM NaCl, 10
uM ZnCl,, 5 mM DTT. The complex was subjected to further purification by anion exchange using
Q sepharose HP resin (GE Healthcare) with a linear NaCl gradient, 30—1000 mM, at 4°C. The elute
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was loaded onto Ni Sepharose resin (GE Healthcare) equilibrated with a solution comprising 20 mM
Tris-HCI (pH 7.5), 500 mM NaCl, 10 uM ZnCl,, 5 mM DTT and 30 mM imidazole. The Vif protein
complex was eluted with a linear imidazole gradient, 30-500 mM. The purified proteins were
dialyzed more than three times against storage buffer comprising 20 mM Tri-HCI (pH 7.7), 30 mM
NaCl, 10 uM ZnCl, and 5 mM DTT. Finally, the obtained Vif complex was passed through a syringe

filter with a 0.45 pm pore size PES membrane, and then stored until use at 4°C.

NMR spectroscopy

NMR spectra were recorded at 25°C with a DRX600 spectrometer equipped with a
cryogenic probe and a Z-gradient (Bruker Biospin). A final concentration of 200 uM each DNA
substrate was dissolved in 20 mM Tris-HCI (pH 7.7), 30 mM NaCl, 10 uM ZnCl,, 5 mM DTT, and
5% deuterium oxide. A final concentration of 0.8 uM A3G_C was used. The Vif complex was added
to DNA dissolved in the measurement buffer, and then A3G was mixed with the solution. The
concentrations of the proteins were confirmed by combining the UV absorbance at 280 nm and the

band strength on SDS-PAGE. The following analysises were performed as described in Chapter 3.

5-6. Refrerences

(1) Aydin, H., Taylor, M. W. and Lee, J. E. (2014) Structure-guided analysis of the human
APOBEC3-HIV restrictome. Structure 22, 668—684.

(2) Batisse, J., Guerrero, S., Bernacchi, S., Sleiman, D., Gabus, C., Darlix, J. L., Marquet, R., Tisné,
C. and Paillart, J. C. (2012) The role of Vif oligomerization and RNA chaperone activity in
HIV-1 replication. Virus Res. 169, 361-376.

(3) Desimmie, B. A., Delviks-Frankenberrry, K. A., Burdick, R. C., Qi, D., Izumi, T. and Pathak,
V. K. (2014) Multiple APOBECS3 restriction factors for HIV-1 and one Vif to rule them all.

J. Mol. Biol. 426, 1220—1245.

(4) Mehle, A., Wilson, H., Zhang, C., Brazier, A. J., McPike, M., Pery, E. and Gabuzda, D. (2007)
Identification of an APOBEC3G binding site in human immunodeficiency virus type 1 Vif and
inhibitors of Vif~APOBEC3G binding. J. Virol. 81, 13235-13241.

(5) Upyttendaele, 1., Lavens, D., Catteeuw, D., Lemmens, 1., Bovijn, C., Tavernier, J. and Peelman, F.
(2011) Random mutagenesis MAPPIT analysis identifies binding sites for Vif and Gag in both
cytidine deaminase domains of Apobec3G. PLoS One 7, doi: 10.1371/journal.pone.0044143.

(6) Letko, M., Booiman, T., Kootstra, N., Simon, V. and Ooms, M. (2015) Identification of the
HIV-1 Vif and human APOBEC3G protein interface. Cell Rep. 13, 1789-1799.

(7) Britan-Rosich, E., Nowarski, R. and Kotler, M. (2011) Multifaceted counter-APOBEC3G
mechanisms employed by HIV-1 Vif. J. Mol. Biol. 410, 1065-1076.

(8) Zhou, X., Evans, S. L., Han, X., Liu, Y. and Yu, X. F. (2012) Characterization of the interaction
of full-length HIV-1 Vif protein with its key regulator CBFf3 and CRL5 E3 ubiquitin ligase
components. PLoS One 7, doi: 10.1371/journal.pone.0033495.

59



(9) Kim, D.Y., Kwon, E., Hartley, P. D., Crosby, D. C., Mann, S., Krogan, N. J. and Gross, J. D.
(2013) CBF stabilizes HIV Vif to counteract APOBEC3 at the expense of RUNXI1 target gene
expression. Mol. Cell 49, 632—-644.

(10)Guo, Y., Dong, L., Qiu, X., Wang, Y., Zhang, B., Liu, H., Yu, Y., Zang, Y., Yang, M. and Huang,
Z.(2014) Structural basis for hijacking CBF-f and CULS5 E3 ligase complex by HIV-1 Vif.
Nature 505, 229-233.

(11)Sleiman, D., Bernacchi, S., Xavier, Guerrero, S., Brachet, F., Larue, V., Paillart, J. C. and Tisne,
C. (2014) Characterization of RNA binding and chaperoning activities of HIV-1 Vif protein.
Importance of the C-terminal unstructured tail. RNA Biol. 11, 906—920.

(12)Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., and
Ferrin, T. E. (2004) UCSF Chimera--a visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605-1612.

60



Chapter 6

Deamination activity of A3G_C toward 5-methylcytidine or 5-hydroxymethylcytidine

6-1. Introduction

Among the DNA modifications, methylation of cytidine at its C-5 position is known as a
major epigenetic mechanism linked to gene regulation in development and in tumorigenesis (1-5),
while DNA demethylation is one of the crucial processes for genome reprogramming during early
embryogenesis (1-7). Several pathways for DNA demethylation have been suggested, summarized in
Figure 6-1, one of which involves 5-methylcytidine (SmC) to 5-hydroxymethylcytidine (ShmC)
conversion by Ten-eleven translocation (Tet) proteins (1-9), deamination of ShmC by several
deaminases (APOBEC family proteins) (2—4, 10) , and subsequent by base excision repair (BER),
such as replacement of a 5-hydroxymethyluracil-guanine mispair by MBD4 or thymine-DNA
glycosylase (TDG) (11, 12). APOBEC family proteins were hypothesized to participate in the
demethylation pathways via deamination of SmC and ShmC, many of the APOBEC family proteins
were shown to be poor enzymes for deamination of SmC and ShmC (13, 14). Among the APOBEC
family proteins, it was shown recently in vitro, using a DNA glycosylase-based assay, and in vivo
that APOBEC3A (A3A) exhibits deamination activity toward C and 5SmC (15, 16), but that A3G
exhibits activity only toward C (15, 16). Wijesinghe et al. showed that A3G exhibits no detectable
deamination activity toward SmC using an in vivo method, the so-called Kanamycin-resistance
reversion assay, which is a genetically modified Escherichia coli-based method (15). Carpenter et al.
used DNA glycosylase-based methods to investigate the activity for SmC to T conversions by A3A
and A3G prepared from human cells (16). It was shown that although A3 A can deaminate SmC, A3G
cannot deaminate SmC within the experimental time (120 min). Here, we applied our real-time NMR
method to detect, if any, the deamination activity of A3G_C toward SmC or ShmC. Because the
real-time NMR method monitors the perturbation of the signal of SmC or ShmC itself, we expected

to observe any low activity.
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Figure 6-1.

Proposed pathways for SmC demethylation.

5-methylcytosine (SmC) is converted into C by chemical modification following to DNA miss-math
repair by DNA repairing system using base edition repair (BER) (1-9). SmC are oxidized by
ten-eleven translocation (TET) proteins and converted into ShmC, 5fC, and then 5CaC (1-9).
APOBEC family proteins are reportedly involved in this pathway by deaminating SmC and
5-hydroxymethylcytosine (ShmC) into Tymine (T) or 5-hydroxymethyluracil (ShmU), respectively.

6-2. Results
6-2-1. Deaminase activity toward SmC

Substrates containing SmC or 5ShmC at the deamination target site were subjected to
real-time monitoring to investigate the activity of A3G_C toward them by direct observation. We
used S5-AAAACSmCGAAA-3' (s6-1 SmC) as a substrate, whose standard sequence is
5'-AAAACCGAAA-3' (s6-1 C) and which contains two cytidines, one of which is the target
(underlined). Figure 6-2A presents the 'H-""C HSQC spectrum for the methyl groups of 5mC and
thymine (T), in which the SmC6 and T6 signals are labeled, respectively. The spectrum at 1,900
hours after the addition of A3G_C (Figure 6-2A, middle panel) clearly shows that SmC of s6-1 5mC
is converted to thymidine to some extent, since a T6 signal is present, as seen for a control DNA,
s6-1 T (Figure 6-1A, right panel). This is the first time to detect the deamination activity of A3G

toward SmC. It is assumed difficult for the in vivo method to detect such weak activity.
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6-2-2. Deaminase activity toward ShmC

Next, we investigated the reactivity of substrates containing ShmC for the deaminase
reaction. 5'-AAAACShmCGAAA-3' (s6-1 5ShmC) was subjected to real-time monitoring (Figure
6-2B). The "H-"C HSQC spectra for the methylene groups of 5hmC and 5-hydroxymethyluracil
(5hmU) are presented in Figure 6-2. The spectrum at 1,700 hours after the addition of A3G C
(Figure 6-2B, middle panel) was exactly the same as that at time zero (Figure 6-2B, left panel),
which is different from that of a control DNA, s6-1 5ShmU (Figure 6-2B, right panel). The
measurement was continued as long as 3,000 hours, however, no change in the spectral pattern was
observed. Thus, our results explicitly showed that A3G_C has failed to deaminate ShmC. We then
tested deaminase activity of 3G _C toward 5-ATTCCShmCGATT-3' (s6-2), of which contains
CC5hmC as a hotspot. 3G_C deaminated fifth cytosine of s6-2 into uracil and no deamination
activity were detected toward ShmC into ShmU (data not shown).

6-3. Discussion

6-3-1. The effects on 5' modification for deaminase activity of A3G_C

Figure 6-2C compares the relative activity values for s6-1 C, s6-1 5SmC, and s6-1 ShmC. The
difference in structure between cytidine, SmC, and ShmC is the steric bulkiness of the base moiety,
which increases in that order. Nabel and coworkers synthesized a series of substrates with unnatural
C5 substituents of varied steric and electronic character, and investigated the reactivity of human
activation-induced deaminase (AID) which is required for class-switch recombination, somatic
hypermutation B-cell tolerance (17-19), and mouse APOBECs (1, 2, and 3) by means of a DNA
glycosylase-based assay (14). They concluded that deamination decreases with increasing steric
bulkiness at the 5 position of cytidine. We assume that this is also the case for 3G_C, in other words,

3G_C''s activity also decreases with increasing steric bulkiness at the 5 position of cytidine.

6-4. Conclusion

We attempted to detect the activity of A3G_C toward an ssDNA containing SmC or ShmC at
the targeted cytidine site by direct observation. We showed for the first time that A3G_C can convert
SmC into thymidine, although it cannot convert ShmC into ShmU. Additionally A3G failure to
deaminate ShmC within CCC hotspot, CC5hmC, instead of generating CUShmC. Altogether we have
observed A3G C's deamination reaction directly and unambiguously, and thus we have successfully
showed that the combination of a real-time NMR method and a chemically modified nucleotide

substrates is a powerful strategy for analyzing deamination activity.
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Figure 6-2.

Real-time monitoring of deamination reactions of substrates containing 5-methylcytidine or
5-hydroxymethylcytidine at the target position.

(A) 'H-"C HSQC spectrum of an ssDNA substrate, AAAACSmCGAAA (left), and that recorded
1,900 hours after addition of A3G_C (center). The 'H-">C HSQC spectrum of AAAACTGAAA is
shown as a reference (right). (B) 'H-"C HSQC spectrum of an ssDNA substrate (top),
AAAACShmCGAAA (left), and that recorded 1,700 hours after addition of A3G C (center). The
'H-BC HSQC spectrum of AAAACShmUGAAA is shown as a reference (right). (C) Comparison of
the relative activity between the reactions of three substrates, AAAACCGAAA, AAAACSmCGAAA,

and AAAACShmCGAAA.
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6-5 Experimental Procedures
Preparation of the protein and DNA substrates

A3G_C was expressed and purified as described previously in Chapter 2. The obtained
A3G_C was dialyzed against a storage buffer comprising 20 mM Tris-HCL, pH 7.5, 30 mM NacCl, 5
mM DTT, and 10 uM ZnCl,, and then stored until use at 4°C. All substrate ssDNAs, a 10-mer
ssDNA used in this chapter, were purchased from Fasmac Co., Ltd. The sequence of substrate DNAs
are listed in table 6-1.

Table 6-1. Substrate ssDNAs used in this chapter.

Substrate name Sequence Length  Position of target

s6-1 C AAAACCGAAA 10 6 (C)

s6-1 5SmC AAAACSmCGAAA 10 6 (5mC)

s6-1 5hmC AAAACShmCGAAA 10 6 (5hmC)
s6-1 T AAAACTGAAA 10 6 (5hmC)

s6-1 ShmU AAAACShmUGAAA 10 6 (5hmC)

$6-2 ATTCCShmCGATT 10 5 (C) and 6 (5hmC)
NMR spectroscopy

All NMR spectra were recorded at 25°C with a DRX600 spectrometer equipped with a
cryogenic probe and a Z-gradient (Bruker Biospin). A final concentration of 200 pM each DNA
substrate was dissolved in 20 mM Tris-HCI (pH 7.5), 30 mM NaCl, 10 uM ZnCl,, 5 mM DTT, and
5% deuterium oxide. A final concentration of 20.0 or 70.0 pM A3G_C was used. The following

analysises were performed as described in Chapter 3.
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Chapter 7

General conclusion

A3G is an anti-HIV factor that inactivates HIV-1 by deaminating ssDNA reverse-transcribed
from the viral RNA genome. The C-terminal domain of A3G (A3G_C) is responsible for the
deamination. Although several structures of A3G_C in its free form have been reported, the structure
of the A3G_C-ssDNA complex has yet to be elucidated because of the weak interaction. The
deamination activity of A3G_C is highly sequence-specific; a triplet cytosine (CCC hot spot) is the
most favorable target. Full length A3G as well as A3G C exhibit a deamination bias called 3'—5'
polarity; a CCC hotspot located closer to the 5'-end is deaminated more effectively than one less
close to the 5'-end. This phenomenon has been explained by that A3G slides along ssDNA with no
directional preference and that the catalytic activity depends on the direction of sliding. Here, we
developed a real-time NMR monitoring method and characterized the mechanism of deamination by
A3G.

In Chapter 2, we demonstrated the methodology of a real-time NMR monitoring method
involving 2D TOCSY spectra, and that it is a powerful tool for evaluating the deaminase activity of
A3G_C. The deamination activity of A3G_C can be evaluated by fitting the time course of NMR
signal intensity with a single exponential function even if the substrate concentration is much higher
than that of the enzyme.

In Chapter 3, we characterized the deaminase activity of A3G _C toward DNA
oligonucleotides containing a nucleotide analog at a single or multiple positions. Firstly, A3G_C was
shown to require the 5 nucleotide recognition sequence, the hotspot being positioned at the center.
Secondly, analyses involving DNA oligonucleotides having two CCC hotspots connected by linker,
which is composed of either DNA, RNA or abasic DNA, suggested that the sugar and base moieties
are not involved in the sliding of A3G_C but exert the 3'—5' polarity. Thirdly, catalytic analysis of
different NaCl concentrations indicated that the activity is bell-shaped against NaCl concentration,
while the lower the NaCl concentration, the higher the 3'—5' polarity. These results suggest that the
electrostatic interaction between A3G C and the phosphate backbone within ssDNA is crucial for
sliding.

These results are confirmed in Chapter 4. In this chapter, we investigated the pH effects on
the structure, deaminase activity and 3'—5' polarity of A3G_C. A3G_C was shown to retain the
native structure in the pH4.0—pH 10.5 range by inspecting the pattern of CD spectra. Deamination
assaying against 10-mer ssDNA containing a single CCC hot spot, of various pHs revealed that A3G
retains its deamination activity in the pH 6.5-pH 12.7 range and the deaminase activity increases as
the pH increases in this range. The analyses involving 38-mer ssDNA having two CCC hotspots
connected by a linker showed similar pH preference of deamination activity to that of the 10-mer
DNA. Similar to the results reported in Chapter 3, the effect of NaCl concentration, i.e. the 3'—5'
polarity, is higher at the lower pH. This suggests that A3G_C dissociates from ssDNA during the
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sliding at higher pH due to the weakened electrostatic interaction, while A3G_C continues to slide
without abortion at lower pH due to a strengthened electrostatic interaction although the sliding
speed itself is supposed to be slower.

In Chapter 5, we purified the ViF-CBFf-EloB-EloC-Cul5 complex and then monitored the
deamination reaction of A3G_C in real-time using NMR in presence of the Vif protein complex. As
the concentration of the Vif complex increased, the deaminase activity as well as 3'—5' polarity
decreased and finally disappeared completely. These results indicate that the Vif complex may be
interact with A3G_C and ssDNA. We demonstrated that real-time NMR monitoring method is even
powerful in presence of other molecule such as inhibitor.

In Chapter 6, we applied this method to estimate the deamination activity of A3G_C toward
5mC or ShmC, which is a cytosine derivative supposed to be involved in epigenetic gene regulation.
It was demonstrated that A3G_C can deaminate SmC for the first time and no detectable deaminase
activity was observed toward ShmC. In this chapter we demonstrated that this method may be useful
for evaluating other chemical reactions such as the SmC oxidation catalyzed by the TET protein.

In this study, we mainly used 2D TOCSY or 'H-">C HSQC spectra with no labeling with
stable isotope with spin quantum number 1/2 for experiments. To achieve higher temporal resolution,
one can introduce “C-labeled cytosines to the substrate ssDNA and obtain a series of 2D 'H-"C
HSQC spectra. Our real-time NMR monitoring can be applied to other enzymes or complicated
systems. This method is also useful for characterizing the mechanism of the enzyme and may be
useful for discovering anti-HIV-1 drugs that inactivate Vif and help A3G to exert its deaminase

activity.
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