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APOBEC3 enzymes (A3s) are cytidine deaminases responsible for dC→dU mutations.

Most A3s act selectively on a 5’-dTdC-3’ motif, with the exception of A3G which prefers

a 5’-dCdC-3’ motif.1–3 A3H is known for its role in innate human immunity to retroviruses

including HIV.4 A3H acts upon a single-stranded DNA or RNA substrate and mutates

cytidine to uracil, preferring a 5’-dTdCdA-3’ sequence.5 There are several available crystal

structures of A3H, however, none of the reported structures have been crystalized in complex

with a substrate or substrate analog. Here, we present a computational investigation on the

orientation of the substrate on A3H and possible structural determinants for the selectivity

of the preferred 5’-dTdCdA-3’ substrate motif.5

Figure 1: a) Twelve possible orientations of ssDNA substrate on A3H, b) Protein-substrate
interaction energies, c) RMSD over time with respect to original crystal structure, and d)
RMSF of nucleotides in ssDNA substrate.

The initial crystal structure for monomeric A3H was obtained from the RCSB Protein

Data Bank (pdbid: 5W45).6 The sequence was confirmed to match the A3H-HapI consensus
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via Uniprot.7 Protonation states of ionizable residues were assigned with H++, followed by

system preparation with tleap in AmberTools16.8,9 All systems were neutralized with Cl-

and solvated in water using a minimum distance of 12 Å between the protein surface and the

edge of the box. The parameter sets employed were ff14SB,10 OL15,11 YIL,12 and TIP3P.13

Molecular dynamics (MD) simulations were run in the NVT ensemble at 300K after min-

imization (50 steps with steepest descent followed by 450 steps with conjugate gradient)

and iterative thermalization (20 equally spaced stages from 10K to 300K at 12,500 steps per

stage) using a Berendsen thermostat.14 Positional restraints with a force constant of 25.0 kcal

mol−1 Å−2 were applied to the Zn2+, coordinating residues, water in the active site, and the

deoxycytidine, as the active site dissociated in unrestrained simulations. The cytidine base

was held in the active site with a distance restraint of 15.0 kcal mol−1 Å−2. Every system was

simulated for 250 ns (in triplicate) with a 2.0 fs timestep and SHAKE for all bonds involving

hydrogen atoms with the pmemd.cuda module in AMBER18 using a cutoff distance of 8.0

Å for nonbonded interactions and the smooth particle-mesh Ewald method for long–range

Coulomb effects.15–17 Twelve systems (termed A–L) were generated by rotating the phost-

phate backbone of the ssDNA strand with respect to the central dC nucleotide in the active

site (Figure 1a). The tested ssDNA sequence comprises 5’-dAdAdAdTdCdAdAdAdA-3’.

All systems were built with the Modeller software.18,19 Input coordinates and topologies

included in Supplementary Information.

The generated trajectories were analyzed with cpptraj20 and an in-house FORTRAN90

program21–24 for energy decomposition analysis (EDA). The EDA results suggest that system

H has the most favorable total interaction energy (Figure 1b). The ssDNA backbone for

system B is oriented in the opposite 5’-3’ direction to system H and has a lower interaction

energy than adjacent systems. This suggests that this orientation of the phosphate backbone

allows for more favorable interactions with protein residues. Root mean squared deviation

(RMSD) analysis suggests that systems B and H have the smallest deviations with respect

to the original structure, suggesting a more stable initial orientation of the ssDNA (Figure
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1c). This is further supported by an RMS fluctuation (RMSF) analysis focused on the

individual nucleotides in the substrate (Figure 1d). The average RMSF of the substrate

for each system indicates that systems B and H have the smallest average fluctuations for

the ssDNA substrate (2.0 Å and 2.1 Å respectively). Analysis of residue–wise interactions

with the entire ssDNA substrate suggests that systems B and H have the most favorable

interactions. Loop 1 (17RRLRRPYYPRKALL30) shows significant favorable interactions

with the substrate.

Figure 2: Non–bonded interaction energy between each residue and the ssDNA for a) System
B and b) System H, with favorable(unfavorable) residue-substrate interactions in blue(red).

Systems B and H were run for an additional 250 ns from the end of the initial simulation
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with the restraints on the target dC removed to observe the stability of the enzyme-substrate

complex. Interatomic distances between the reacting carbon on the cytidine and the water

oxygen in the active site were measured over the trajectories to determine which system

maintained a more stable binding. The ssDNA substrate in System B remained bound in

the active site the entire duration of the simulation (average 3.2 Å). Conversely system H

exhibited sporadic loss of binding. This suggests that while the total interaction energy

between the protein surface and the substrate is more favorable with system H, the local

interactions with the target cytidine are more stable with system B.

Based on the above results, system B was selected for subsequent simulations to inves-

tigate the selectivity of A3H for the reported consenus sequence. Six new systems were

generated by modifying the nucleotides that flank the central dC to investigate the effects of

different bases in place of the preferred dTdCdA motif. Thymine recognition was tested by

generating three system: 5’-dAdCdA-3’, 5’-dCdCdA-3’, and 5’-dGdCdA-3’ substrates. Ade-

nine recognition was tested by 5’-dTdCdC-3’, 5’-dTdCdG-3’, and 5’-dTdCdT-3’ substrates.

EDA was performed to compare the differences (if any) in protein/substrate interaction

between the 5’-dTdCdA-3’ motif and all other systems. The total non-bonded interaction

between the protein and the nucleotides on the 5’ position suggest that dT is favored over

dG (-239 kcal mol−1) and dA (-38 kcal mol−1), but less than dC (+81 kcal mol−1). The

5’ dT nucleotide shows favorable interactions with R17, R21 and R26 when compared with

those from purine nucleotides, however these interactions are generally unchanged when dC

is in the 5’ flanking position. dT also has more favorable interactions with S86 (between -1

and -5 kcal mol−1) and less favorable interactions with S87 (between +1 and +5 kcal mol−1)

compared with the other nucleotides (see Figure 3b). The total non–bonded interaction

of the protein with nucleotides in the 5’ position shows that dA at this position is 5 kcal

mol−1 less favorable than dT; dG is 61 kcal mol−1 less favorable, and dC is 68 kcal mol−1

less favorable.

The total non–bonded interaction between the entire ssDNA strand and the protein is
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more favorable with dA in the 3’ flanking position by between 31 and 245 kcal/mol compared

with all other nucleotides at the same position. Our results suggest that 3’-dA shows strong

attractive interactions with R17, R21, R26, K51, and K52. When compared with the other

nucleotides in the same position, the arginines interact more favorably with dA by at least

5 kcal mol−1 (see Figure 3c). These arginines are on Loop 1, which has previously been

shown to be involved in DNA binding and recognition.25–27 In contrast, the lysines show

slight preference for all three other bases. A3H-R26 is structurally homologous to A3A-R28

and A3B-R211, which have been previously reported as key residues that drive selectivity

in the respective A3s, and both preferentially act upon a 5’-dTdC-3’ substrate.2,28,29 The

non–bonded interaction between the individual nucleotides at the 3’ position and the en-

tire protein suggest that dC and dT are less favored by 33 kcal mol−1 and 55 kcal mol−1

respectively, while dG shows < 1 kcal mol−1 difference in interaction compared with dA.

These results are consistent with previous experimental results showing similar selectivity

for 5’-dTdCdA-3’ and 5’-dTdCdG-3’.5

A3G, A3F and AID have a homologous loop, corresponding to residues 313 to 322 in

A3G. Previous studies have shown that A3GCTD 5’-dCdC-3’ selectivity is driven by this loop

and can be modified by mutating to the homologous AID or A3F sequences.3,30,31 Based on

our results, the DNA binding orientation precludes the interaction of the ssDNA substrate

with the region in A3H that is homologous to the A3G 313–322 loop. One more difference

observed between A3H and other A3s relates to the structure of the bound ssDNA substrate.

In other A3s it has been reported that the DNA adopts a hairpin conformation.2 In A3H,

the substrate can orient in a hairpin conformation in a monomeric system, however, A3H

forms an RNA–mediated dimer which obstructs this orientation.

Dimer simulations were carried out to test the possibility of the B, H and hairpin ssDNA

orientations in the active site. The details of the system setup and simulations are reported

in Ref.32 The dimer structure shows that the active sites in each monomer are located near

the RNA-mediated dimer interface of A3H. This location effectively prevents the ssDNA
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substrate from adopting a hairpin conformation. When a dimer system containing the su-

perposed hairpin structure of A3A in both active sites was considered, the simulation was

unstable due to strongly repulsive interactions between the ssDNA substrates and the RNA.

Conversely, a track of positively charged surface residues is observed connecting the two ac-

tive sites in the A3H dimer (Figure 3). For the B and H systems, the initial structures were

simulated with two separate strands, one in each active site. During the initial stages of the

simulations, both strands were observed to come together and thus a single strand spanning

both active sites through the RNA interface was also considered as shown in Figure 3a.

Figure 3: a) Electrostatic potential surface of A3H RNA-mediated dimer with ssDNA. Nega-
tive charges shown in red, positive charges shown in blue. Inset is active site with nucleophilic
property and substrate cytidine in position. b) Residues S86 and S87 interacting with the
5’ thymine. c) 3’ adenine in a pocket formed by R26, N49, K50, and K51,

In conclusion, we have performed computational simulations to investigate the binding

orientation and substrate selectivity indicators for A3H. Our results suggest that the pre-

ferred binding orientation aligns the ssDNA substrate along a track that provides favorable

interactions with the target cytidine and the two flanking residues, including three arginines

that significantly favor the 3’ flanking adenine. Our results are consistent with previous
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experimental reports on substrate binding and consensus sequence selectivity. Addition-

ally some of the A3H residues predicted to be related to selectivity are homologous with

selectivity residues reported for other A3s. These results also provide possible targets for

mutagenesis to investigate the role of the selectivity filters for the consensus sequence of

A3H.
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