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a b s t r a c t

DNA polymerase b is a 39 kDa enzyme that is a major component of Base Excision Repair in human cells.
The enzyme comprises two major domains, a 31 kDa domain responsible for the polymerase activity and
an 8 kDa domain, which bind ssDNA and has a deoxyribose phosphate (dRP) lyase activity. DNA poly-
merase b was shown to be phosphorylated in vitro with protein kinase C (PKC) at serines 44 and 55 (S44
and S55), resulting in loss of its polymerase enzymic activity, but not its ability to bind ssDNA. In this
study, we investigate the potential phosphorylation-induced structural changes for DNA polymerase b
using molecular dynamics simulations. The simulations show drastic conformational changes of the
polymerase structure as a result of S44 phosphorylation. Phosphorylation-induced conformational
changes transform the closed (active) enzyme structure into an open one. Further analysis of the results
points to a key hydrogen bond and newly formed salt bridges as potential drivers of these structural
fluctuations. The changes observed with S55/44 and S55 phosphorylation were less dramatic and the
integrity of the H-bond was not compromised. Thus the phosphorylation of S44 is the major contributor
to structural fluctuations that lead to loss of enzymatic activity.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

DNA stability (t1/2¼ 30 million years) inside cells is undermined
by susceptibility to damage by various agents such as nucleophiles
(free radicals) or through malfunctioning of DNA-binding enzymes
(e.g. polymerases, ligases or topoisomerases) [1]. Cellular DNA ex-
periences various insults during a cell's lifespan resulting in DNA
damage (at about 7 lesions/cell/minute) [1]. Physical, chemical and/
gm.2017.11.002.
publisher's note: https://doi.

annalqudsmed.com, idriss@

com).
or biological insults result in a number (about fifteen different
types) of observed DNA damage including fragmentation, deletion,
nucleotide or base substitution [1]. The consequences of such
damage lead to defective or inaccurate gene replication resulting in
abnormal cell function and disease [1]. If not repaired, DNA damage
leads to either cell death (e.g. degenerative neurological disorders)
or mutations causing uncontrolled cell proliferation (as seen in
cancer) [1]. The DNA repair machinery is a mechanism utilized by
the cell to correct DNA damage. This repair machinery consists of
different types of repair such as base excision repair, single and
double-strand break repair [1]. Each type of repair consists of
several key proteins performing correction function. DNA repair
proteins are potential targets for therapeutic interventions [2]. DNA
polymerase b is a key component of Base Excision Repair (BER). The
enzyme performs the distributive polymerase gap-filling function
as well as deoxyribose phosphate (dRP) lyase activity [3].
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DNA polymerase b is a 39 kDa enzyme that comprises two
major domains, a 31 kDa domain responsible for the polymerase
activity and an 8 kDa domain, which bind ss DNA and has the dRP
lyase activity [3]. The atomic structure has previously been
elucidated and several crystal structures have since been pub-
lished for the enzyme and its binary and ternary complexes
([4e6]). Key features of DNA polymerase b0s structure suggest its
organization in three major structural sub-domains: C (catalytic),
D (DNA binding), N (nascent base pair binding) [4,5] (see Fig. 1).
These three sub-domains correspond to the palm, thumb, and
fingers sub-domains, which were observed for other polymerases
such as HIV-1 reverse transcriptase [6]. Each of these three
structural sub-domains serves a specific function with the palm
serving as the platform that holds the DNA template-primer,
whilst palm and fingers align template/primer towards poly-
merase active site. DNA polymerase b was shown to be phos-
phorylated in vitro with protein kinase C (PKC) at S44 and 55,
resulting in loss of its polymerase enzymatic activity, but not its
ability to bind ssDNA [7]. The enzyme was also observed to be
phosphorylated in vivo in HeLa cells nuclei (Idriss, H, Kumar A
and Wilson SH, unpublished observation), although this has not
been conclusively reproduced. Several DNA polymerases are
regulated through reversible post-translational modifications
and DNA polymerase b was shown to be post-translationally
phosphorylated, acetylated and methylated with functional
consequences [7e10].

Since PKC phosphorylation affects DNA Polymerase b0s poly-
merase activity, we argued that phosphorylation should also alter
the enzyme's structure, as well as its overall charge. Therefore, we
set out to simulate potential phosphorylation-induced structural
changes for DNA polymerase beta using molecular modeling force
field (CHARMM22) and published structural coordinates (pdb:
2FMS, 3ISB, and 1BPD). Other computational studies exist that
looked at various aspects of the enzyme's structure/function
[11e13].
2. Objectives

� Molecular dynamics simulation of DNA polymerase b in its apo
state and its phosphorylated structure at S44, S55, and S44/55.

� Structural and dynamics study of DNA polymerase b and its
phosphorylated structure via MD simulation.
Fig. 1. (A) The structure of extended DNA polymerase b (PDB entry: 1BPD). The major fea
domain with its three sub-domains: DNA binding (D, residues 90e150) (orange), catalytic (C
(B) The structure of open DNA polymerase b (PDB entry: 3ISB) with the same color scheme
color scheme in (A). (For interpretation of the references to color in this figure legend, the
3. Methodology

The X-ray crystal structures of DNA polymerase b (PDB entries:
2FMS [14], 3ISB [15], and 1BPD [16]) were downloaded from PDB.
2FMS is the ternary complex (human DNA polymerase b), 3ISB is
the binary complex (human DNA polymerase b), and 1BPD is free
DNA polymerase b (rat). Coordinates of the DNA substrate and
dUMPNPP in 2FMS were removed to yield a structure which only
contains the protein. Using this DNA polymerase b structure,
separate structures with (1) S44 (pS44), (2) S55 (pS55), (3) S44 and
S55 (pS4455) phosphorylated respectively were built using VMD
[17]. Topology needed to patch the phosphorylated residues were
added into the CHARMM22 [18] all-hydrogen topology file for
protein accordingly. The phosphorylated serine residue was
modeled using the SP2 phosphoserine patch from the toppar
stream files which are part of the CHARMM22. The modeled
structures did not include the magnesium ions Mg2þ.

The free energy landscape estimation was performed using the
Boltzmann inversion method. Finally, the cluster analysis was done
using a method based on self-organized neural net algorithm
[19,20]. In this clustering analysis, each confirmation is represented
by a feature vector that is used to partition all conformations into
different clusters. Each cluster is specified by its center and size
(radius). A conformation is assigned a specific cluster if its distance
to the center is smaller than a pre-set threshold value. The algo-
rithm has two phases, the learning phase in which the centers of
clusters are learned and the refining phase in which conformations
are reassigned to the correct clusters. For further details of this
method, we refer the reader to [21]. The clustering analysis in this
work uses a feature vector whose elements is the pairs of side chain
native contacts (calculated using DSSP program [22]).

3.1. System setup for molecular dynamics simulations

All the MD simulations were performed with NAMD 2.7 [23]
program using the CHARMM22 force field and the TIP3P water
model [24]. Force field parameter needed for patching the phos-
phorylated residues were added accordingly. Counter ions were
added accordingly to neutralize the systems. Langevin dynamics
with a Langevin damping coefficient of 5ps�1 was used to keep all
the non-hydrogen atoms in the simulated systems at 300 K; Lan-
gevin dynamics control the temperature by introducing additional
damping and random forces. Nos�e-Hoover Langevin piston [25]
was used to maintain the pressure of the simulated systems at
ture of the structure includes the Lyase domain (grey) in addition to the polymerase
, residues 151e260) (red), and nascent base pair binding (N, residues 261e335) (green).
in (A). (C) The structure of closed DNA polymerase b (PDB entry: 2FMS) with the same
reader is referred to the Web version of this article.)
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1 atm with a period of 100 fs and damping timescale of 50fs The
integration time step of the simulations was set at 2 fs under a
multiple time stepping scheme where bonded interactions were
computed every time step while non-bonded interactions were
computed every two time-steps. The cutoff for the van der Waals
and short-range electrostatic interactions were set at 12Åwith the
switching function set at 10Å to ensure a smooth cut-off for the van
der Waals interactions. The simulations were performed under
periodic boundary conditions using the Particle Mesh Ewald (PME)
algorithm [26,27].

The systems were first minimized 1000 steps using the
conjugate-gradient method with the protein backbone held fixed,
followed by a 1000-steps-minimization. Then the temperature of
the systems was gradually increased to 300 K in 6 ps while
restraining the protein backbone before the equilibration took
place. In the equilibration process, the systemwas first equilibrated
for 20 ps with protein backbone restrained then the protein back-
bone was released to allow the system to be equilibrated for
another 200e400 ps. The production dynamics were then per-
formed for 100 ns at the time step of 2fs All the resulting 100ns
trajectories were analyzed using VMD utilities and additional TCL
scripts.

4. Result and discussion

DNA polymerase b assumes several intermediate structures
along its reaction pathways [5]. The unliganded enzyme has an
extended structure (1BPD, see Fig. 1A). It adopts a doughnut-like
open structure after binding DNA (3ISB, see Fig. 1B) which un-
dergoes further conformational changes to the closed structure
after binding dNTP (2FMS, see Fig. 1C). In this work, we studied the
effects of phosphorylation on the enzyme using MD simulations of
several systems. The systems include five 2FMS systems: un-
phosphorylated 2FMS (apo-2FMS), S44 phosphorylated 2FMS
(pS44-2FMS), S55 phosphorylated (pS55-2FMS), S44 and S55
phosphorylated 2FMS (pS44-pS55-2FMS) and S44 to D44 mutated
2FMS (S44D-2FMS). We also simulated four 3ISB systems: (apo-
3ISB), (pS44-3ISB), (pS55-3ISB), and (pS44-pS55-3ISB). In addition,
one phosphorylated 1BPD system (pS44-pS55-1BPD) was simu-
lated for comparison, since biochemical studies were performed
using rat DNA polymerase [7] and we used human DNA polymerase
for molecular dynamics.

4.1. S44 phosphorylation induces major structural fluctuations

In order to assess structural changes of the enzyme in our
simulations, we calculated the root mean square deviation (RMSD)
of each structure from their respective initial coordinates as a
function of timewhere each frame saved during the simulationwas
compared to the initial structure (The time evolution of Ca-RMSD is
shown in Fig. S1). In addition, we analyzed the radius of gyration
(Rg) of the protein backbone which measures the compactness of
the protein as the function of time. These two parameters, RMSD
and Rg, are used to calculate the two-dimensional free energy of the
enzyme which is shown in Fig. 2.

Fig. 2A shows that the apo-2FMS structures fluctuate around a
basin with average values mRMSD of 2.48Å and mRg of 22.3Å. The
spread of the basin around these average values is relatively small
as measured by standard deviation (sRMSD¼ 0.39Å, sRg¼ 0.17Å).
Out of all studied phosphorylated systems, pS44 exhibits the
biggest structural changes as seen in Fig. 2B. The pS44-2FMS con-
formations populate a much bigger area of the 2D free energy
surface (sRMSD¼ 0.93Å, sRg¼ 0.63Å) and shift to higher average
values (mRMSD¼ 4.03Å, mRg¼ 23.1Å) indicating large deviations of
protein structure. The combined phosphorylation of S44 and S55
(Fig. 2C) leads to large deviations (mRMSD¼ 3.73Å, sRMSD¼ 0.73Å)
similar to pS44 however with smaller and less fluctuating size
(mRg¼ 22.2Å, sRg¼ 0.22Å). Interestingly, phosphorylating S55
(Fig. 2D) seems to stabilize the protein structure with smaller
values of RMSD (mRMSD¼ 2.04Å, sRMSD¼ 0.34Å) and small fluctu-
ations in Rg (mRg¼ 22.3Å, sRg¼ 0.28Å) in comparison with the
apo-2FMS.

On the other hand, from Fig. 2EeH of free energy of the open
structure 3ISB, we see that the two different phosphorylations
(pS55 and pS44/55) induce smaller effects on the protein structure
in comparison with pS44 in 2FMS. Moreover, the apo-3ISB has
relatively large fluctuations in both RMSD and Rg due to the open
nature of the structure which explains the small effect of
phosphorylation.

In order to assess the convergence of the simulated systems, we
calculated the number of transitions between the states shown in
Fig. 2. Our calculations show that the simulated systems were not
trapped inmetastable states and they had access to other states. For
each simulated system, the whole 100-ns second trajectory is used
in free energy calculation. Each systemwas able to make thousands
of transitions between possible states.
4.2. pS44-induced fluctuations open up 2FMS structure

Among the studied systems, phosphorylation at S44 had
induced the greatest conformational changes in the closed 2FMS
structure. In order to see the regions most affected by these
changes, we calculated the root mean squared fluctuations (RMSF)
for all protein residues. The RMSF value reflects the average fluc-
tuation of each residue over the total time of the simulation. Fig. 3A
compares the RMSF of pS44-2FMS with that of apo-2FMS which
show that pS44 induces the highest excess fluctuations in the Lyase
domain and the N-sub-domain. When the pS44-2FMS structure is
aligned with that of apo-2FMS (Fig. 3B), we can see that most
conformation changes happen are due to the repositioning of the
N-sub-domain. The repositioning is characterized by a twist motion
that separates the Lyase domain (grey) fromN-sub-domain (green).
This will lead the structure to open up which undermines the
stability gained after binding dNTP [5] that caused 2FMS to close in
the first place. It is interesting to see that pS44-2FMS structure is
better aligned with open apo-3ISB than the closed apo-2FMS as can
be seen in Fig. 3C.
4.3. Phosphorylating S44 disrupts S44-E335 H-bond

The experimental data derived from crystal structures indicate
that the open binary DNA complex (3ISB) does not have H-bond
between S44 and E335, but that the closed ternary complex (2FMS)
does have this H-bond [14,15] (Fig. 4). Accordingly, this interaction
would be expected to stabilize the closed polymerase conforma-
tion. To test the effect of phosphorylation of S44 on this bond we
calculated the average donor-acceptor distance between S44 and
E335 and the H-bond occupancy in all simulated systems. The re-
sults are summarized in Table 1. The results show S44 phosphor-
ylation disrupts S44-E335H-bond in all simulated system
(HBavg¼ 0.0%). This total disruption is due to the negative charge on
phosphate group. This is confirmed by the simulation results of
phosphomimetic S44D mutant 2FMS which have zero average HB
occupancy as well. Comparing apo-2FMS with apo-3ISB, we see
that the open structure has a smaller HB occupancy. Moreover, the
HB occupancy was calculated for the extended structure 1BPD and
it is equal to zero. Thus, it is clear that disruption of this H-bond
plays a very important role in opening up the structure of pS44
systems.



Fig. 2. The free energy (kcal/mol) for DNA polymerase b as a function of Rg (Å) and RMSD (Å) for (A) un-phosphorylated 2FMS, (B) S44 phosphorylated 2FMS, (C) S44-55 phos-
phorylated 2FMS, (D) S55 phosphorylated 2FMS, (E) un-phosphorylated 3ISB, (F) S44 phosphorylated 3ISB, (G) S44-55 phosphorylated 3ISB, and (H) S55 phosphorylated 3ISB.

Fig. 3. (A) The Root Mean Squared Fluctuation (RMSF) for pS44-2FMS (black) compared with RMSF for apo-2FMS (white). The vertical panel colors reflect the DNA polymerase b
major sub-domains are colored as follows: Lyase domain (grey) DNA binding (D) (orange), catalytic (C) (red), and nascent base pair binding (N) (green). (B) Structural alignment
between apo_2FMS at the initial stage (Blue-Transparent) and average pS44-2FMS structure (sub-domain-colored) with phosphorylated S44 residue shown in bond representation.
(C) Structural alignment between apo_3ISB at the initial stage (Blue-Transparent) and average pS44-2FMS structure (sub-domain-colored) with phosphorylated S44 residue shown
in bond representation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.4. Salt bridges formed by pS44

In addition, to disrupting S44-E335H-bond, phosphorylating
S44 is expected to form new salt bridges with surrounding basic
residues. We performed the salt bridge analysis for pS44-2FMS and
S44D-2FMS systems. The results show that pS44 form is likely to
form salt bridges with (R40, K41, K48, and R149) whereas S44D
forms salt bridges with (R40, K41, and K48). The three first residues
(R40, K41, and K48) lie within the Lyase domain with R149 located
in the coil connecting the D-sub-domain to the C-sub-domain. Our
simulations show that the formation of pS44-R149 salt bridge anti-
correlates with the S44-E335 distance (Fig. 5A). The figure shows
the pS44-R149 (O-N) distance anti-correlates with the S44-E335
distance indicating that the Lyase domain pS44-2FMS perform a
large swing move between the N-sub-domain and R149 in the
middle of the doughnut structure (Fig. 5B). Thus, the formation of
these salt bridges is another contributing factor to the major
conformational changes induced by pS44 in agreement with the
results of [28].

The structural transformations induced by S44 phosphorylation
can be also elucidated using cluster analysis. The results of this
analysis are summarized in Table 2. The sampled conformations are
clustered in three dominant structures. The first cluster with 38%
dominance is characterized by a large S44-E335 distance
(13.75± 2.176Å), large RMSD value (5.02± 0.497Å), and the pos-
sibility of forming the salt bridge between pS44 and R148. The
other two clusters have smaller S44-E335 distances, smaller RMSD
values, and don't form the pS44-R148 salt bridge. However, cluster
2 represents a more open structure more than cluster 3. In sum-
mary, the three clusters represent the shift of 2FMS structure from
closed conformation (cluster 3) to open conformation (cluster 2)
and to one where the Lyase domain swings toward the middle of
the structure (cluster 1). This picture is consistent with Fig. 5.



Fig. 4. The H-bond between S44 and E335 shown on the full apo-2FMS structure (left) and in the zoomed-up inset (right).

Table 1
The donor-acceptor distance between S44 and E335 (S44-E335 da) for five 2FMS and
four 3ISB simulated systems. The second and third columns list the average and
standard deviation values for S44-E335 length (da). The last column lists the average
H-bond occupancy. The H-bond occupancy for 1BPD is shown as a reference point.

S44-E335da avg (Å) S44-E335da std (Å) HB avg

2FMS
apo 4.38 1.416 0.983
pS44 12.19 2.152 0.000
pS4455 10.85 2.252 0.000
pS55 5.24 2.001 0.530
S44D 8.85 1.714 0.00
3ISB
apo 6.22 2.204 0.565
pS44 10.47 1.980 0.000
pS4455 10.61 1.938 0.000
pS55 5.48 3.213 0.817
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5. Conclusion

Phosphorylation at S44 had induced major conformational
fluctuation from apo_2FMS at the single strand DNA binding
domain and dNTP selection domain. Adding a negative charge to
S44 probably disrupts interactions between the lyase domain and
the N-sub-domain of the polymerase (S44 and E335 H-bond in
Fig. 5. (A) The pS44-E335 (black) and pS44-R148 (red) distances as a function of simulations
fraction of the time (highlighted in ovals). (B) Cartoon representation of pS44-2FMS swing m
pS44-R148 distance which explains the anti-correlation in Fig. 5A. DNA polymerase b majo
catalytic (C) (red), and nascent base pair binding (N) (green). The residues pS44 (Lyase do
representation. (For interpretation of the references to color in this figure legend, the read
2FMs). These conformation changes destabilize the closed struc-
ture. Thus the binding of single-strand DNA or dNTP might be
affected by phosphorylation at these specific residues, causing DNA
polymerase b0s failure to carry out its catalytic function (although
the phosphorylated enzyme retained its DNA binding ability).
Recent work by Su et al. [29] supports our conclusion that S44
phosphorylation exerts its effect on E335-S44 hydrogen bond. From
experimental measurements, Su et al. implicate the amino acid
cluster around E335 with control of opening and closure of dNTP
binding cleft. Since our phosphorylation models show abolishment
of the S44-E335 hydrogen bond, we argue that phosphorylation
may abrogate the opening and closure of this binding cleft.

In their paper, Tokui et al. [7] were not able to infer whether
phosphorylation of S44, S55 or both was responsible for the loss of
the polymerase function. From our results, S44 phosphorylation
seems responsible for inhibition of enzyme function in vitro, whilst
S55 phosphorylation has the potential to aid the enzyme in catal-
ysis by aiding in S44-E335H-bond formation. Phosphorylation of
the two serines could be mutually exclusive inside the cell, if it
occurs, and may perform the aforementioned opposing functions.
Our results can only be conclusively confirmed once the phos-
phorylated enzyme is crystallized and structures for the various
phosphorylated variants solved.
time. The figure shows that these distances anti-correlate with each other over a large
ove between a structure with small pS44-E335 distance (left) and a structure with small
r sub-domains are colored as follows: Lyase domain (grey) DNA binding (D) (orange),
main), R148 (D sub-domain), and E335 (N sub-domain) residues are shown in bond
er is referred to the Web version of this article.)



Table 2
The three dominant clusters of pS44-2FMS sampled conformations. Cluster 1 is the most dominant one with 38.0% frequency among all sampled conformations. The three
clusters are characterized by the average values of RMSD, Rg, S44-E335 distance, S44-E335 donor/acceptor distance, and pS44-R148 salt bridge formation.

Cluster Occupancy RMSD (Å) Rg (Å) 44-335 (Å) 44e335da (Å) pS44-R148 salt bridge

1 38.0% 5.02 23.15 13.75 13.18 Yes
0.497 0.781 2.176 1.447

2 31.0% 3.47 23.42 9.88 9.46 No
0.514 0.304 1.975 1.568

3 31.0% 3.42 22.64 8.68 10.01 No
0.596 0.366 1.352 1.648
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