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ABSTRACT Integrases participates in two important steps for virus replication such as 3’-end
processing of viral DNA (vDNA) and nuclear entry of host DNA (#DNA). In this work insight
into the structural changes in intasome of prototype foamy virus integrase (PFV-IN) complexed
with vDNA from classical molecular dynamic (MD) simulations are done. Analysis of the results
reveal the existence of alternative conformations of the enzyme active site indicating that 3’-end
processing reaction can occur according to three different pathways, and taking place with the
possible participation of aspartate 185, of a neighbouring phosphate group, or involving internal
phosphate group of the substrate. In this work one of them, the so-called ‘substrate-assisted’
mechanism was explored, by QM/MM methods. The free energy barriers of 34.4 kcal'-mol™! for
the first and 35.3 kcal'mol! for the second step of reaction computed with free energy
perturbation (FEP) methods at M06-2X/AMBER level, show that 3’-end processing has to
proceed via a different mechanism than studied herein. Nevertheless, the obtained results are in
good agreement with the experimental observations, that the substitution of the key atom for this
mechanism, oxygen by sulphur, did not influence the catalysis. Additionally, the obtained
mechanism reveals significant similarities to the previously studied ‘substrate-assisted’

mechanism in twister ribozyme. The possible role of Mg?* in the active site is discussed.



Retroviruses belong to a large and diverse family of RNA viruses defined by common taxonomic
denominators that include structure, composition, and replicative properties.' Thus, one of the
common features of this family is its replicative strategy which includes, as essential steps, the
reverse transcription of the viral RNA (VRNA) into linear double-stranded DNA (vDNA) and the
subsequent integration of this VDNA into the genome of the host cell (ADNA).%* Importantly,
vDNA:ADNA integration is in fact the process which distinguishes retroviruses from all other
viral families.

Retroviral integrases (INs) catalyze the insertion of the viral genome into the host's DNA,
where the virus is able to persist in the cell indefinitely. Their role was identified as the proteins
participating in two important steps for virus replication, such as 3’-end processing of vDNA and
nuclear entry of ADNA. During 3’-end processing IN hydrolases a phosphodiester bond at vDNA
end, and a di- or trinucleotide is removed, releasing 3’-hydroxyl group attached originally in the
preintegration complex (PIC) to 5°-CA-3’ dinucleotide.

Consequently, such cleaved intasome binds host chromosomal ZDNA, and the target capture
complex (TCC) is formed. Within the TCC, the enzyme utilizes vDNA 3’-hydroxyl group as
nucleophile to cut ADNA, and joining 3’ vDNA end to the strand of ZDNA resulting in the strand
transfer complex (STC).*° Representation of this process is presented on Schemel.

The first functional retroviral IN-DNA complex was characterized for intasome from the
prototype foamy virus (PFV), a member of Spumaretrovirinae subfamily.” The PFV intasome
contains a tetramer of IN with a dimer-of-dimers structure, composed of two structurally and
functionally distinct IN subunits. The inner one is responsible for binding and interacting with
vDNA, as shown in Figure 1. IN binds a pair of divalent metal cations (Mg?" or Mn?") which are

coordinated by three carboxylates of the invariant D,DX35E motif within the catalytic core



domain (CCD). In order to function, IN also requires its amino-terminal domain (NTD), a three-

helical bundle stabilized by binding a Zn atom, and a carboxy-terminal domain (CTD).%’
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Scheme 1. Reaction of A. 3’-processing reaction and B. strand transfer occurring in PFV-IN.

The interest in understanding the replication mechanism of retroviruses increased
meaningfully after the discovery of human immunodeficiency virus type 1 (HIV1).%° Despite the
great progress in HIV therapy, still more than 36.9 million people worldwide are infected.!® The
enormous effort has been put into the discovery of new efficient antivirals but, so far, only three
such as raltegravir, dolutegravir, and elvitegravir IN strand transfer inhibitors (INSTIs) have
been approved by FDA.!! Thus, understanding the process of the viral replication at molecular
level is crucial for describing its chemical functions and, in consequence, to reduce or completely
eliminate the problem of HIV infection.

Due to the high degree of amino acid conservation within the IN active site, it is believed that
knowledge obtained from the studies based on PFV-IN should be generally useful in
understanding HIV1-IN, and could be expanded to the other retroviral integrases. In fact, as
already demonstrated, the approach in which PFV served as a model to study inhibitors for HIV1
succeeded.!>!® Nevertheless, although a few clinically useful inhibitors of HIV-IN have been

developed, its mechanism of action at molecular level remains unknown.



In contrast to PFV, crystallization process of HIV1-IN seem to be difficult and just recently
first crystal structure of STC form was obtained.'* Unfortunately, this structure is still not
sufficient (does not provide enough crystallographic data) to serve as the proper model for
studies on the 3’end-processing mechanism. Herein, we focus on conformational analysis based
on MD simulations on the intasome PFV-IN, including 3’-end processing reaction; the first step
of overall vYDNA:ADNA integration process. Although, previous computational studies of this

15,1617 additional studies are

step provided important insights into the reaction mechanism,
required to fully understand the mechanism of proton transfer in 3’-processing step.

The first theoretical approach to understand the reaction mechanism catalysed by PFV-IN was
done by Bernardi et al.'® in which a cluster model of the IN active site composed of three
catalytic residues (deprotonated Asp, Asp, and Glu) terminated by methyl groups, one Mg>"
cation and two water molecules were used. According to obtained then results, the reaction
mechanism occurs via a Sn2 nucleophilic substitution, where the nucleophilic water activated by
aspartate residue attacks on phosphorous atom and proton from other water molecule is
simultaneously transferred to the 3’oxygen atom of scissile bond. This mechanism assumes
‘single-shot’ product formation with a potential energy barrier equal to 33.5 kcal-mol™! obtained
at B3ALYP/6-31+G(d,p) level.

A few years later, Ruiz-Pernia et al. used core domain IN model composed of a protein
fragment and the active site with a reconstruction of three missing residues.'® Using a QM/MM
approach, a free energy barrier for the rate-limiting step of 22.6 kcal-mol™! was computed at
PM3:MP2/OPLS-AA level of theory. Two Asp residues, two water molecules, one Mg?* cation

and the substrate fragment of 3°,5’-phosphodiester alkyl terminated by two methyl groups were

treated quantum mechanically. In this case, the step-wise mechanism was explored, where in the



first step the nucleophilic water is activated by Asp residue and it attacks on the phosphorous
atom. In the second step, the proton is transferred from another water molecule to 3’ oxygen and

phosphodiester bond breaks.
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Figure 1. Crystallographic structure of biological assembly of the PFV-IN intasome (build based

on structure from Protein Data Bank with PDB ID: 4E71)?° (top) together with the structure of

bound vDNA and the active site (bottom).

Finally, Ribeiro et al. explored three different mechanisms of 3’-end processing.!” Due to the
lack of crystallographic structure, an IN model was build based on fragments of PFV-IN with
docked VDNA substrate into it using GOLD'® software. Based on ONIOM calculations it was
concluded that the concerted mechanism activated by the presence of hydroxyl ion in the active
site was the most favourable one with a potential energy barrier of 15.4 kcal-mol™! computed at

MPWBIK/6-311++G(2d,2p)/AMBER level. In the hydroxyl mechanism, the water molecule is



activated by a neighbouring hydroxide group and it attacks the phosphorous atom with
simultaneous phosphodiester bond breaking.

The reaction mechanism catalysed by PFV-IN has been also explored by indirect comparisons
with the reaction catalysed by the retroviral ribonuclease (RNase H) of HIV-1 Reverse
Transcriptase (HIV1-RT). The IN catalytic site and RNase H RT active site share similar
structural features, both containing a D,DX35E motif (two Asp and one Glu residues) with

2.1 However, there is no scientific evidence

bounded two divalent metal cofactors (Mg>" or Mn
that this comparison can be significant and conclusive about the reaction mechanism. Despite
close similarities, the RNase H and IN systems likely differ in some details of their catalytic
mechanism.?°

As it can be noticed, all previous theoretical studies were done based on the theoretical
models with some serious limitations originating in the lack of full structural information. In the
present work, the first theoretical studies on the complete structure of PFV-IN intasome were
carried out. Firstly, the insight into the structural changes in the active site from classical
molecular dynamic (MD) simulations were done. Subsequently, the proposed mechanism of 3’-

end processing reaction catalysed by IN has been explored using QM/MM approach.

Computational methods

Setup of the system. The model of the PFV-IN was prepared based on the crystal structure
obtained as a trapped Michaelis complex formed prior to 3’-processing and deposited in the
Protein Data Bank with PDB ID 4E71.2° The initial crystallographic structure was a dimer with
bound vDNA double helix. Two Mn?" cations present in the active site were replaced by two

Mg?" and four water molecules from their coordination shell were preserved. The correctness of



the side-chain atoms was confirmed using SCit tool.>! Due to the fact that only tetramer form of
the IN is biologically active, the full tetramer structure was build using the Protein Interfaces,
Surfaces and Assemblies’ (PISA)* software utilizing rotation and translation matrices available
in crystallographic data. Such prepared model was composed of four polypeptide chains: two of
them consisted of 367 and two of 183 amino acids with bounded two double helixes of VDNA,
each made of 19 base-pairs, and four Mg?" cations with eight coordinated water molecules. The
pKa values for titratable amino acids were calculated using PROPKA ver.3.0.2*>* Considering a
pH=7, and based on the obtained results all residues involved in coordination of divalent metals
(two Asp and one Glu) were kept deprotonated, and the Asp13 from chain C and chain D were
protonated. Sixteen of overall 30 histidines residues present in the model were protonated at €
position, while the remaining residues at 6 position, based on the geometrical analysis of their
closest environment. All computed pKa. values are available in Supporting Information (Table
S1). Moreover, two cysteine bridges were detected, both between Cys88-Cys91 in Chain A and
Chain B. Hydrogen atoms were added using the tLEAP module of AMBER program.”
Neutralization of the system was completed in two steps, first by neutralizing the charge of DNA
chains by adding 64 Na', and subsequently neutralizing protein by adding 40 Cl™ couterions.
Finally, such prepared complex was placed in the orthorhombic box of TIP3P?° explicit water

molecules of size 14.4x14.4x17.6 nm>. The final model contained 190 251 atoms.

Molecular dynamic (MD) simulations. Several optimizations and dynamics simulations (MDs)
were performed at MM level applying AMBER ff032” force field (FF) to describe amino acids,
the refined FF for DNA, Parmbsc1,?® and newly developed parameters to improve the kinetic
description of the Mg?* and phosphate ions and their applicability in nucleic acid simulation,? as

implemented in NAMD software.** Periodic boundary conditions (PBC) using the particle mesh



Ewald method were applied. The cut-off for nonbonding interactions was used including a
smooth switching function with a radius range from 14.5 to 16 A. First, the energy optimization
was carried out by means of the conjugate gradient algorithm with gradient tolerance equal to 0.1
kcal'-mol!-A-l. Subsequently, the system was heated from 0 to 300 K with temperature
increment of 0.001 K. After 1 ns of the equilibration, 60 ns of NVT MD simulation was done
with the time step of 1 fs at 300 K. The constant temperature during the MD simulation was
controlled using the Langevin thermostat.>! The MD results were analysed using the cpptraj*>3?

and VMD?** software. The main goal of the MD simulations was to generate a relaxed system

that will be used as a starting point for the subsequent QM/MM calculations and analysis.
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Scheme 2. The PFV-IN active site with the non-processed 3’-viral DNA end with labelled
important distances. All atoms presented on the scheme are treated at QM level of theory during
the QM/MM calculations. Seven link atoms were used in order to saturate cut bond, three of
them were places between Ca and CP atom from the side chain of D128, D185 and E221 and the

remaining 4 are indicated as thick black circles on the scheme.



QM/MM calculations. Subsequently, the structure from the 60 ns of the MM MD was selected
to build up the systems for QM/MM calculations. The QM region was composed of 78 atoms (as
presented in Scheme 2) and treated quantum mechanically at semiempirical AM1% level as
implemented in Mopac2009°® and at density functional theory (DFT) using B3LYPY,
MPWIPW91%® and M06-2X3%% functionals with 6-31+G(d,p) basis set as available in
Gaussian09.*' The remaining part of the protein, vDNA chains, counterions and water molecules
were described by AMBER and TIP3P FFs as implemented in fDynamo package.*>** All

atoms beyond 20 A from the QM part were kept frozen.

Potential energy surfaces (PESs). In order to explore the proposed mechanisms, potential
energy surfaces (PESs) at AMI1, semiempirical level combined with MM FF were computed.
Structures generated in this process were then used to compute potential energy at higher level of
theory (M06-2X/MM). Subsequently, based on chosen structures, a micro-macro iteration
optimization algorithm*+*® at DFT/6-31+G(d,p)/MM level was used to localize, optimize, and
characterize the TS structures using a Hessian matrix containing all the coordinates of the QM
subsystem, whereas the gradient norm of the remaining movable atoms was maintained less than
0.01 kcal-mol '-A~!. By following the gradient that was specified by the transition vector in the
TSs, the paths of the chemical reaction were traced by using intrinsic reaction coordinates
(IRCs)*’ to the valleys of the reactants and products in mass-weighted Cartesian coordinates.
Subsequently, last structures from IRC were used to localize, optimize, and characterize the

minima energy structures i.e. reactant, intermediate and product complexes.

Free energy calculations. In order to describe the mechanism of the reaction in condensed

media, a free energy perturbation (FEP)*® was used employing the M06-2X functional to
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describe the QM sub-set of atoms. In this studies FEP employment originates in the limitations
of semiempirical methods (SM), as it was shown by Otyepka and co-workers.*

Since FEP required the sampling of the environment along a previously traced IRC from TS
located at QM/MM level, the free energy profile is obtained along a realistic reaction coordinate.
FEP method opens the possibility of exploring the reaction path directly at high level of theory.
Therefore, the QM wave function is polarized by the charges of the MM subset of atoms.

The structures for which the free energy differences were estimated using the FEP
methodology correspond to those obtained along the IRC and are characterized by a single s

coordinate:

Si = Si—1 t \/ Z m ( (%51 — Xj,i—1)2 + (3 - Yj,i—l)z + (2, - Zj,i—l)z)

jeQM

where xj;, yji and z;; are the coordinates of the in structure for the j;, QM atom belonging to the
IRC traced from the transition state structure (Xjo, yjo and zjo coordinates) and m; are the
corresponding masses of the atoms. Within this treatment, the free energy relative to the reactant

can be expressed as a function of the s coordinate as:

Equmm(s™?) — EQM/MM(Si)>)
MM, i

j
AGggp(sR — ) = (E%M(sj) - E(%M(SR)) + (ZPE(sj) - ZPE(SR)) - kBTZ In {(exp (— T
B

i=R
where EQ0 u 18 the gas-phase energy of the QM subsystem computed at M06-2X level, kg is the
Boltzmann constant, and 7 is the temperature. The contribution of the QM/MM interaction to the
free energy difference between two different values of s is obtained by averaging the QM/MM
interaction energy (including the polarization energy) over all the MM coordinates of the system

obtained during the MD simulation carried out for the i window. Then, the coordinates of the
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QM atoms are those corresponding to the s; and si+1 structures along the IRC. Thus, is can be
assumed that the evolution of the chemical system on the FES follows a path that is very close to
the minimum energy path on the PES. The MDs for the FEP calculation were performed at 300
K, using the NVT ensemble. 20 ps of production, with a time step of 1 fs, were done in each
window. The total amount of windows required to generate the full free energy path was 51 and

43 for the first and second step of the reaction, respectively.
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Results and discussion

The MD simulations. In order to understand the key interactions between the enzyme and
vDNA in the PFV-IN intasome, and especially the interactions established in the active site, a
long classical MD simulation was done. The total energy of the system and its temperature were
monitored. As presented in Figure S1 of Supporting Information the temperature was remaining
constant at 300 K with a standard deviation of £ 1 K along MD simulations. The stability of the
protein backbone (C-Co-N atoms) was analysed by measuring the root-mean-square deviations
(RMSD) with respect to the optimized crystal structure, as presented in Figure S1. The RMSD
values changed from 0 to around 5 A. According to the evolution of RMSD, the system can be
considered as equilibrated after 20 ns of MD simulations. Observed RMSD changes are small
enough to ensure the stability of the structure, and thus such structure can be used in further
studies. Moreover, the total energy also becomes stable after 20 ns of MD confirming the

equilibration of the system.

Active site interactions. MD simulations have revealed a very conserved structure of the active
site, which is mainly dictated by the presence of two Mg?" metal ions. As shown in the Table S2
of Supporting Information, distances which correspond to the first coordination shell of both
Mg?" ions did not change meaningfully along MD simulations. In fact, the highest value of the
standard deviation was 0.1 A.

Interestingly, as it can be observed in Figure 2 the distances between the divalent metals and
their ligands were slightly elongated in case of optimized structures with QM/MM method
compared to the MM calculations. The average distance between each metal ion and its ligands

obtained at MM level of 1.97 and 1.94 A for Mg?'(A) and (B), respectively, is shorter than the
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value obtained from QM/MM optimizations where they vary, depending on the QM method,
between 2.06 and 2.15 A for Mg*(A), and 2.03 and 2.12 A in case of Mg?"(B). This is because
the accumulated charge on these two metals, as shown in Table S2 is not exactly the same as the
values assumed in the classical force field (+2¢°). In fact calculation of atomic charges at
DFT/MM level reveals an increment up to 2.111 e and a substantial reduction up to 1.559 ¢ on

ion (A) and ion (B), respectively.
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Figure 2. Distances of first coordination shell of Mg?* ions bound in the active site of PFV-IN
obtained for optimized structures after 60 ns of MD simulations at different levels of theory,
including MM shown in green (AMBER FF), and QM/MM (AM1/MM in light blue, and M06-

2X/MM in dark blue) methods.

During the MD simulation an important observation was done related to the position of the
active site water molecule. It must bear in mind that it is believed that this water plays an
essential role in the catalysis by acting as a nucleophile (see Scheme 2). The position of this
water is preserved with respect to the phosphorus atom with a distance oscillating around 3.23 +
0.13 A as shown in Figure 3.A. The reason for the unchangeable position of this water can be
explained by the fact that it is coordinated to the Mg?* cation and any change in its position

would be energetically unfavorable. In fact, Figure 3.B. shows very conserved ‘in-line’ position
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of this water, dictated by the coordination to the Mg?(A) that results in a very high population
(47%) of structures fulfilling the condition of the so-called reactive ‘in-line’ conformation.*® This
is a very interesting behavior by comparison to other systems, (that also require ‘in-line’
conformation between nucleophile, phosphate atom and leaving group) such as hairpin ribozyme
previously studied by York and co-workers[50] or twister ribozyme,’! and ANT4’*? studied in
our group. In the previous models reactive conformations appear much less often along MD

simulations with the calculated probabilities not higher than 7.7%.
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Figure 3. A. Evolution of ON:--P distance, B. Reactive ‘in-line’ conformations as a function of a
distance between nucleophilic water and phosphorus atom d(ON"-P) and an angle between the
same nucleophilic water, phosphorus atom and oxygen of the leaving group < (ON*-P-03’) (to
specify amount of the reactive conformations the following boundary conditions were assigned:
distance not longer than 3.5 A, and angle not smaller than 125°). and C. Evolution of distances
established between hydrogen atom of water molecule, HN and its possible acceptors OPORP |

OD2P'# and OPRP of neighbouring phosphate group, along 60ns of MD simulations.
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The first step of the full enzymatic process catalysed by PFV-IN entails the P-O3’ breaking
between A17 and A18 nucleotides in the reactive strand of the vDNA. This reaction requires at
least one proton transfer onto the 3’-aloxide group, in order to generate the 3’-hydroxyl leaving
group. Structural analysis of the active site presented above indicated, similarly as in previous
MD studies done by De Vivo et al,*® and Rosta et al'® for RNase H system, that the water
coordinated to Mg?* (metal A) oriented in the ‘in-line’ position to the scissile phosphodiester is
the best candidate to play the role of nucleophile. Thus, in such case additional proton transfer
from the water that will generate active hydroxide anion has to be included in the mechanism
studies. Unfortunately, the transfer of these two protons, and more precisely the determination of
their donor and acceptor, is the source of many speculations. Thus, based on the results from the
MD simulations we performed a search of possible candidates which could accept the proton
from the water. Their identification can provide new ideas about possible scenarios of the 3’-end
processing mechanism.

Three important interactions between the nucleophilic water and the active site residues were
observed, as shown in Scheme 2 and Figure 3.C. First, the existence of an important interaction
between the hydrogen atom of water and the oxygen atom of D185 was recognized, with an
original value of distance established at 3.5 A. However, after 20 ns of MD simulations, as
shown in Figure 3.C, this interaction became weaker since a meaningful increase in the distance
between proton and D185 was observed. In the last 40 ns, the distance between H™ and
OD2P'™® oscillates around 4.43 + 0.64 A. Hence, it is difficult to determine the significance of
D185 for the catalysis. It could be assumed that the transfer of the proton to the oxygen atom of

D185 could be mediated by an additional water molecule, as it was assumed in previous
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studies.!” Nevertheless, as shown, the energetic barrier obtained using ONIOM approach for
such mechanism was too high (35.8 kcal-mol ™).

Alternative option for a proton acceptor is the pro-Rp oxygen atom of neighbouring phosphate
group located between A18 and T19 nucleotide. The neighbouring phosphate group is definitely
beyond the reach of the nucleophile with a distance of 5.5 A, at the beginning of the MD
simulation and cannot be responsible for the water activation. Interestingly, after 20 ns of the
classical simulations, this distance is reduced to 4.18 £+ 0.54 A, as shown in Figure 3.C. Thus,
this change should be taken into consideration and the possible role of phosphate group cannot
be excluded. Similarly, as in case of D185, the transfer of the proton should involve participation
of an additional water molecule. Direct transfer of the proton to this phosphate group was,
nevertheless previously studied, and the computed high barrier of 36.3 kcal-mol™! precluded this
hypothesis.!’

Finally, the last identified candidate to serve as a proton acceptor is an internal phosphodiester
of the scissile dinucleotide. However, analysis of the crystal structure at molecular level, made
elsewhere,?® suggested that phosphate group located between A17 and Al8 is rather less
promising candidate to act as a general base, since its non-bridging pro-Rp oxygen is pointing
away from the attacking water. This was not confirmed during MD simulations. In fact, the
shortest distance between hydrogen from the water, H and this oxygen (OP*) was found.
This distance was oscillating around 3.70 + 0.60 A. Thus, in our contribution to the mechanistic

studies of 3’-end processing reaction we will focus on this last scenario.

The substrate-assisted 3’-end processing of vDNA. As discussed in the previous section, it can

be assumed that mechanism of 3’-end processing reaction proceeds in such way that pro-Rp
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oxygen atom of the phosphodiester group serves as a general base that abstracts a proton from
the water molecule. Subsequently, the same pro-Rp oxygen serves as a proton donor to the 3’-
alkoxine group and it is closing the catalytic cycle, as presented in Scheme 3. By assuming such
course of the reaction pathway, the main role of the PFV-IN in the 3’-end processing is reduced
to: firstly provide an appropriate environment for binding two divalent metals, which role is to
activate a water molecule to attack the phosphorus atom, and additionally to destabilize the
scissile bond; and secondly, to partially unfold the double helix of vDNA and bind it into the
proper position in the active site. Thus, in such case, direct involvement of the PFV-IN in the
catalytic process has been eliminated, consequently reducing role of the enzyme to a passive
spectator of the chemical changes. In such situation this chemical process will be named herein

as ‘substrate-assisted’ mechanism.
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Scheme 3. 3’-end processing via ‘substrate-assisted’ mechanism catalysed by PFV-IN.

At molecular level the ‘substrate-assisted’ mechanism is the reaction in which the proton of
the water molecule is transferred to the oxygen (pro-Rp) of phosphate group participating directly
in the chemical reaction with a simultaneous water attack on the phosphor atom (P). In the

second step, the proton is transferred from the same oxygen (pro-Rp) to O3’ of scissile bond and
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phosphodiester bond (P-O3’) simultaneously breaks, as shown in Scheme 3. In order to explore
the proposed mechanism on PESs two-dimensional scans were done. The first proposed step in
this mechanism was explored by controlling the distance between the nucleophilic water oxygen
atom and phosphorus atom d(O“'-P), together with antisymmetric combination of distances
between oxygen and hydrogen atoms of the nucleophilic water, and the same hydrogen and pro-
Rp oxygen of phosphate group: d(ON*-H™)-d(HN"-OP™*7), Subsequently, the second step of this
mechanism was described using the distance between the phosphorus atom and 3’-oxygen of
alkoxide group d(P-O3’), and the antisymmetric combination of the two distances, first defined
for the same pro-Rp oxygen and hydrogen H™ of nucleophile water molecule, and second
assigned between hydrogen HN' and O3’oxygen: d(OP®-HN)-d(HN"-03’). AM1/MM and
M06-2X:AM1/MM PESs computed as explained in Computational methods section are shown in
Figure 4. The TS structures for both steps were localized at AMI/MM, B3LYP/MM,
MPWI1PWO91/MM and M06-2X/MM levels of theory. For clarity purpose, only key interatomic
distances for structures optimized at AM1/MM and M06-2X/MM are provided in Table 1, while
the results obtained using other DFT method are collected in Table S3 of Supporting
Information. The representation of the stationary structures computed at M06-2X/MM level of
theory are presented in Figure 5 . Obtained MEP together with localized stationary points using

different methods are projected on PESs.
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Figure 4. Potential energy surfaces for the first (left) and second steps (right) of ‘substrate-
assisted’ mechanism catalysed by PFV-IN computed at AM1/MM (top) and M06-2X:AM1/MM
(bottom) level of theory. Position of localized stationary points such as reactant (RC),
intermediate (INT) and product (PC) complexes and transition states (TS) structure are indicated
by red (AM1/MM) and green (M06-2X/MM) crosses, together with traced minimum energy path

(MEP) obtained in IRC calculations. Distances of the axes are given in A.

As can be noticed the PESs and the MEPs computed at AM1/MM level are significantly
different from those calculated using M06-2X/MM method. Despite that both QM levels
describe ‘substrate-assisted’ mechanism as a two-step process, meaningful differences between
them can be indicated. First of all, as can be seen on all PESs (Figure 4), and confirmed by

distance analysis (Table 1), the position of minima for reactant and product complexes obtained
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at AM1/MM level do not overlap with those delivered from M06-2X method. Thus, it can be
concluded that the main problem of the semiempirical method used in this work originates in the
erroneous description of non-bonding interactions between oxygen and phosphorus atom
(O--+-P). Both distances for not formed bonds obtained for optimized structures of reactant and
product complexes are too short, 2.00 and 2.24 A for ON-P, and P-O3’, respectively, compared
with the values obtained at M06-2X level, i.e. 2.98 and 2.67 A, and with those delivered from
calculation employing others DFT methods. (see Table S4). Additionally, the quadratic regions
on which TS structures can be localized are shifted. Thus, in TS1 process of the bond formation
between oxygen from water and phosphorus atom (ON'-P) is much more advanced at AM1 (1.87
A), than at M06-2X level. (2.18 A). On the contrary, proton transfer seems to be almost
accomplished at DFT level, since proton-acceptor distance in TS1 is 1.04 A, while this is not the
case at AM1 (1.33 A). The same problem with proton transfer is observed in the case of TS2. In
the second step, the transfer of the proton is delayed with respect to the P-O3’ bond breaking at
DFT level, while at AMI this proton is already partially transferred to 3’-alkoxide group.
Furthermore, computed potential energy barriers (AE*), of 27.1 and 25.2 kcal'mol™! at
AMI1/MM level for first and second step, respectively, as shown in Table 2, are underestimated
with respect to those delivered from calculations done at M06-2X of 35.1 and 32.5 kcal-mol™.
Interestingly, AM1 method significantly over stabilizes intermediate complex, while all DFT

methods indicate its metastable character.
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Table 1. Key interatomic distances measured for optimized stationary structures at AM1/MM

and M06-2X/MM levels of theory. Values are given in A.

RC TS1 INT TS2 PC
AM1/MM
HN-OMN 0.99 1.28 2.10 3.57 4.12
HNu-Qpro-Rp 2.35 1.33 0.97 1.27 2.06
ONu-p 2.00 1.87 1.72 1.67 1.67
P-O3’ 1.70 1.70 1.72 2.05 2.24
HN-03° 4.24 3.60 3.37 1.24 0.99
M06-2X/MM

HN-OMN 0.97 1.51 1.93 3.25 3.97
HNu_Qpro-Rp 2.20 1.04 0.98 1.04 1.96
ONu-p 2.98 2.18 1.81 1.66 1.64
P-O3’ 1.62 1.64 1.72 2.11 2.67
HN-03 431 3.32 3.31 1.49 0.97

Calculation of Gibbs free energy (AG?) barriers with FEP method at M06-2X/MM level, as
shown in Figure 6, did not change significantly the values obtained at PESs, and just a slight
decrease of 0.5 and increase of 2.8 kcal'mol! was observed in first and second step of reaction,
respectively. This could indicate, that in case of PFV-IN, environmental fluctuations around

active site are somehow limited along the reaction pathway.
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TS1 1

TS2 1

Figure 5. Transition state structures localized for ‘substrate-assisted’ mechanism at MO6-
2X/MM level of theory. The coordinates of QM atoms are provided in Table S5 of Supporting

Information.

The potential and free energy profiles reveal that ‘substrate-assisted’ mechanism occurs in two
steps with a formation of metastable intermediate. Obtained values of the potential (AE¥) and
Gibbs free energy barriers (AG*), however clearly indicate that 3’-end processing catalysed by
PFV-IN should take place via different mechanism than the one studied herein. Computed free
energy barrier of 35.3 kcal'mol is much higher than the value delivered from experimental
measurements of rate constant of 0.004 min! (0.24 h™)*** at 37 °C for the same reaction
catalysed by integrase of HIV-1 (24.8 kcal'mol), which is believed to be related with the
chemistry step or with a stage that precedes chemistry. Thus, experimental value should be
treated in such case as an upper limit. Nevertheless, the results obtained in this work are in the
agreement with the experimental evidences,’® which indicated that substitution of pro-Rp oxygen

of the scissile phosphodiester by sulphur does not affect the catalytic process, in contrary to the
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situation in which the replacement for position pro-Sp is done. Substitution of position pro-S,
oxygen by sulphur resulted in a strong inhibition. Our results confirm that pro-Rp cannot be
involved in the catalytic process, and thus its modification to the less electronegative atom than

oxygen would not affect the reaction mechanism.
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Figure 6. Free energy profile (top) and key distances evolution (bottom) along the two-step
mechanism of ‘substrate-assisted’ 3’-end processing of vDNA catalysed by PFV-IN obtained

with free energy perturbation method at M06-2X/MM level of theory.

The ‘substrate-assisted’ mechanism of P-O bond cleavage was previously studied in our
group in the other systems such as twister ribozyme,>! or 4’-O-nucleotidyltransferase (ANT4’).%2
In the first one, the reaction of self-cleavage RNA phosphodiester bond proceeds via a very
similar two-steps mechanism to that described in this work, while in the ANT4’ the transfer of

adenylyl group from adenosine 5'-triphosphate (ATP) to a OH-4' hydroxyl group of the
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kanamycin A proceeds via bimolecular nucleophilic substitution (Sn2), and the mechanism
cannot be directly compared to one studied in PFV-IN. It is worthy to point out that in both
previously studied cases, the same as in this one, ‘substrate-assisted’ mechanism revealed
existence of high energy barriers, and could not be considered as the most probable reaction
mechanism. Nevertheless, comparative analysis of the results obtained herein and for ‘substrate-
assisted’ mechanism studied in ribozyme reveals some interesting observations. For example, the
barriers obtained for the similar reaction, but catalysed by ribozyme without the presence of a
metal ion in the active site, are both lower than those obtained for PFV-IN system i.e. for
nucleophilic attack the free energy barrier, AGH™Y of 20.9 kcal'mol™ (13.5 kcal'‘mol! lower)
and in subsequent step, where P-O5’ bond is breaking, the AG*™? of 31.9 kcal'mol™! (3.4
kcal-mol™! lower) were computed at M06-2X/MM level. This meaningful difference in energies
observed especially for the first step of reaction could be explained by the presence of divalent
Mg?" ions in the active site of PFV-IN, which could be responsible for reducing the base
character of the phosphate group positioned directly in their first coordination shell. However,
the negative charge on proton acceptor (OP*) of -0.930 e", does not differ meaningfully from
that observed on acceptor in case of twister ribozyme of -0.923 e (as presented in Table 3).
Thus, the higher reaction barrier obtained in PFV-IN active site can be only explained based on
the geometrical comparison of reactant complexes. While the distance of proton and its acceptor
in ribozyme in Michaelis complex was 1.57 A, in the case of PFV-IN the equivalent distance is
much longer and equal to 2.20 A.

Moreover, the analysis of the atomic charge distribution on key atoms along the reaction
pathway in PFV-IN reveals more similarities with the ‘substrate-assisted’ mechanism in twister

ribozyme. For instance, the most negative charge on leaving group (OS5’ in case of ribozyme and
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O3’ in PFV-IN) was reached in TS2. As in the case of the oxygen atom of the nucleophile (02’

and ONY in case of ribozyme and PFV-IN, respectively) the highest negative charge was found in

TS1.

Table 2. Relative potential (AEpot) and Gibbs free (AGpot) energies computed at semiempirical

(AM1/MM) and DFT (M06-2X/MM) level for the stationary structures along the reaction

pathway. Values are given in kcal'mol™’.

AEpot AG

AMI1 MO06-2X MO06-2X
RC 0.0 0.0 0.0
TSI 27.1 35.1 344
INT -5.4 28.3 28.9
TS2 25.2 32.5 353
PC 4.5 53 8.4

Table 3. Atomic charges computed using ChelpG method at M06-2X/MM level of theory.

Atoms RC TS1 INT TS2 PC

oN -1.091 -1.119 -1.011 -0.674 -0.675
Opro-Rp -0.930 -0.966 -1.003 -0.795 -0.930
Qpro-5p -0.867 -0.783 -0.901 -0.760 -0.901
o3 -0.507 -0.598 -0.667 -0.830 -0.625
P 1.126 1.417 1.584 1.362 1.445
HN* 0.561 0.623 0.568 0.397 0.344
Mg?(A) 2.127 1.827 1.899 1.719 1.806
Mg>(B) 1.607 1.604 1.669 1.635 1.621
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Changes observed for the values of atomic charges computed on Mg?" ions along the reaction
path indicate that metal ions are involved in the charge transfer related to chemical changes
occurring in their close surrounding. In particular, a strong effect on ion(A) was observed. In its
case, the most positive charge of 2.127 ¢, and the lowest value of 1.719 ¢ were found in
Michaelis complex and TS2, respectively. Interestingly, no significant change in the charge

accumulated on the second metal (B) was perceived.

Conclusions

In this work theoretical studies of the reaction mechanism of 3’-end processing step catalysed by
PFV-IN were done. A conserved water of the first coordination shell of Mg?* was identified as a
nucleophile for which ‘in-line’ conformation was found in almost half of the structures populated
along 60 ns of MD simulations. Moreover, results for classical MD revealed the existence of
three possible candidates to play the role of a proton acceptor from the nucleophile, i.e. aspartate
185, the neighbouring phosphate group or the internal phosphate group of the vDNA substrate.
Since first two mechanisms have been previously theoretically studied, and in both cases too
high energy barriers were obtained, in this work, we have focused on the ‘substrate-assisted’
mechanism, in which internal phosphodiester of the scissile dinucleotide plays the key role. Our
calculations applying QM/MM methods with semiempirical (AM1), and DFT (M06-2X, B3LYP
and MPWIPWO1) level of theory combined with AMBER force field, showed that this
mechanism can exist and proceed through a two-step process. In the first step the proton of the
water molecule is transferred to the oxygen of phosphate group participating directly in the

chemical reaction with a simultaneous water attack on the phosphor atom, while in the second
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step, the proton is transferred from the same oxygen to O3’ of scissile bond and phosphodiester
bond (P-O3’) simultaneously breaks.

Unfortunately, the obtained potential and free energy barriers excluded the possibility that 3°-
end processing of vDNA takes place according to this scenario. Nevertheless, the studies of this
mechanism confirmed the experimental observations in which an exchange of oxygen atom
(OP™-2P) by sulphur did not affect the catalysis. The experimental evidence together with results
of this work gives unwavering certainty that this atom is not playing any significant catalytic
role. Moreover, it can be assumed that at this moment the most possible reaction mechanism of
3’-end processing catalysed by IN is the one involving the hydroxide (as described in the
Introduction) proposed by Fernandes and co-workers,!” with computed potential energy barrier
of 10.6 kcal'mol! and improved by adding activation energy, ZPE, entropic effects, solvation,
and water/hydroxide exchange terms to 15.4 kcal'mol™, which is within the upper limit of
experimentally measured rate constant for this process.

The results presented in this work for ‘substrate-assisted’ mechanism together with
previously computed for ANT4’ or twister ribozyme models indicate that regardless of the
number of Mg?" ions in the active site or the type of the substrate containing phosphorus atoms
(ATP, RNA or DNA), the internal phosphate group (involved directly in the reaction of P-O
bond breaking) cannot play a role of proton acceptor in any of these systems.

Additionally, our observations indicated the importance of the presence of Mg?" ions in the
active site of PVF-IN. In particular, one of them, which coordinates the nucleophilic water
molecule, seems to be especially vital since it participates in the charge transfer along the
reaction path. On the contrary, no significant changes on Mg?" ion responsible for the

destabilization of P-O bond were observed. Anyway, until the proper reaction mechanism is
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known, it is difficult to determine the actual role of both magnesium cations present in the active
site of PVF-IN. However, from the technical point of view, as it was shown herein, it is crucial to
describe both Mg?" ions together with the atoms of their first coordination shell at QM level in
calculations using QM/MM approaches.

Finally, as expected, significant differences between the results obtained using semiempirical
methods, as AMI1, and DFT method were found. These differences are mostly related to the
description of too short distances for non-bonding interaction between O and P atoms, and over
stabilization of the intermediate complex obtained at AMI level by comparison with DFT

methods.
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