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Abstract

E. Coli AIKB catalyzes the direct dealkylation of various alkylated bases in
damaged DNA. The diffusion of molecular Oxygen to the active site in AIkB is
an essential step for the oxidative dealkylation activity. Despite detailed studies
on the stepwise oxidation mechanism of AlkB, there is no conclusive picture of
how O, molecules reach the active site of the protein. Yu et al. (Nature, 439, 879)
proposed the existence of an intra—molecular tunnel based on their initial crystal
structures of AlkB. We have employed computational simulations to investigate
possible migration pathways inside AlkB for O, molecules. Extensive molecu-
lar dynamics (MD) simulations, including explicit ligand sampling and potential
of mean force (PMF) calculations, have been performed to provide a microscopic
description of the O; delivery pathway in AlkB. Analysis of intra—molecular tun-
nels using the CAVER software indicates two possible pathways for O, to diffuse
into the AlkB active site. Explicit ligand sampling simulations suggests that only
one of these tunnels provides a viable route. The free energy path for an oxygen
molecule to travel along each of these tunnels has been determined with AMBER

and AMOEBA. Both PMFs indicate passive transport of O from the surface of
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the protein. However, the inclusion of explicit polarization shows a very large
barrier for diffusion of the co—substrate out of the active site, compared with the
non—polarizable potential. In addition, our results suggest that the mutation of a
conserved residue along the tunnel, Y178, has dramatic effects on the dynamics of

AIkB and on the transport of O; along the tunnel.

1 Introduction

E. Coli AIkB is a member of the Fe(II)/2—oxoglurarate dependent enzyme superfamily.
AIKB is in charge of the repair of alkylated DNA and RNA bases by catalyzing an ox-
idative dealkylation mechanism. !> The oxidative dealkylation mechanism catalyzed
by AIKB, has been investigated extensively.* '8 The mechanism can be separated into
two stages: The first stage involves the formation of a ferryl (Fe(IV)—oxo) intermediate,
followed by the oxidation of the alkyl moiety on the damaged base. The reaction mech-
anism for the dealkylation of 1-methyladenine (ImeA) by AlkB is shown in Scheme 1.
The rate limiting step in this cycle corresponds to the abstraction of a hydrogen atom
from ImeA by the ferryl moiety.>'® To initiate the oxidation of Fe, an O, molecule
needs to displace a water molecule from the primary coordination sphere of Fe. The
diffusion of O, into the active site is an essential process in this mechanism. A key
question in this first stage of the reaction is how O, molecules are transported into the
active site. Various enzymes that use molecular Oxygen have been shown to employ
transient intra—molecular tunnels formed by flexible hydrophobic residues to transport
0, from the surface of the protein to the active site. 92

A number of computational studies have been reported on the diffusion of O,
through intra-molecular tunnels.>?>~2° One possible approach to investigate the trans-
port of these types of molecules involves standard MD simulation of ligand diffusion,
which ideally requires a large number of independent replicate runs of several ns to
attain adequate sampling (flooding simulation). !”?> A second approach involves the
determination of the potential of mean force (PMF).?%>30 Extensive sampling is essen-

tial to obtain accurate PMFs since incomplete sampling can result in large errors in the
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scheme 1: Proposed mechanism for the dealkylation of ImeA by AIkB.

calculated barriers. In recent years, GPU computing has resulted in a large increase
in the timescales of MD simulations, which make it possible to perform the sufficient
sampling that is necessary to achieve a realistic description of ligand diffusion.?!-3!

Yu et al. proposed the possibility of O, transport through an intra—molecular tun-
nel in AIkB based on the first AIkB crystal structures. 3> They showed that there is little
unoccupied volume in the binding cavity, in which the target base directly contacts its
molecular surface. This study portrays open and closed states of a tunnel putatively
gating O, diffusion into the active site in the presence of iron(II) and cobalt(II), respec-
tively. The open and closed states of this tunnel are due to the structural variation of
the side chain of residue W178, which is located at the entrance of a binding cavity.3?

Based on these observations, we present results from various computational ap-

proaches to determine the likelihood of the existence of this putative intra—molecular

tunnel, and whether it is amenable for the passive transport of O, into the active site
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of AlkB. In addition, given that molecular Oxygen is a neutral albeit highly polariz-
able molecule, we have employed both non—polarizable fixed—charge (AMBER) and
multipolar/polarizable (AMOEBA) potentials to investigate the role of electronic po-
larization. Explicit simulations on three W178 mutants have also been performed to
investigate the role of this particular residue on AlkB structure and the structure of
the tunnel. The remainder of the paper is organized as follows: Section 2 presents
the details for the various methods employed to simulate the transport of the substrate,
calculate the energy for this transport along the tunnels, and various analysis. Subse-
quently, section 3 describes the results and discussion for the calculated tunnels and

transport/energetics, followed by concluding remarks.

2 Computational Methods

The initial structure for wild type E. Coli AlkB in complex with DNA was taken from
the Protein Data Bank (PDB ID: 2FDG?3?). Hydrogen atoms, counter ions, and TIP3P
water molecules were added to the holo structure with the LEaP package* from AM-
BER14.3 The final system size was ~ 50000 total atoms with 3 counter ions. This
system was initially equilibrated in our previous studies on AlkB.>® MD simulations
were performed with ff99SB 3¢ and AMOEBA using the NPT ensemble. 3’ Simulations
involving the ff99SB potential were performed with the PMEMD.cuda program from
AMBER14.35 AMOEBA simulations were carried out with an in-house, AMOEBA
capable, development branch of AMBER based on pmemd termed pmemd.gem.

All simulations used a 1 fs step size and a 9 A cutoff for non—bonded interactions.
The non—polarizable simulations were run at 300 K using Langevin dynamics3® (y =1
ps~ 1), with a Berendsen barostat.>* The parameters for 1-methyladenine (ImeA), o—
KG and O; for both ff99SB and AMOEBA were developed in—house and are provided
as Supplementary Information. The iron cation was approximated by Mg(Il) parame-
ters based on the precedent established by our previous studies on AlkB>¢ and TET2.4°
SHAKE*! was used for all the simulations and the smooth particle mesh Ewald (PME)

d42

method*~ was employed to treat long—range Coulomb interactions.
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The existence of possible tunnels for O, transport in AlkB were determined by an-
alyzing the crystal structure, as well as 250 snapshots out of a 50 ns simulation from
the non—polarizable potential using CAVER* as implemented in PyMOL.** Once the
coordinates of the tunnel were obtained, umbrella sampling® and WHAM*¢*3 were
used to calculate the potential of mean force for the transport of Oxygen along the
tunnel. Two possible channels were obtained from CAVER analysis.*’ Each of these
channels was populated by positioning ~ 30-40 oxygen molecules to achieve a spac-
ing of 0.3-0.5 A between adjacent umbrella windows. A harmonic potential of 10 kcal
mol ' A=2 was applied to restrain the motion of the oxygen molecule in each window.
The PMF coordinate was set as the distance between the oxygen molecule and T208
(OG1) for the blue tunnel, and o—KG (C2) in the red tunnel. Each window was sam-
pled for 1 ns in explicit solvent (TIP3P water model) at 300 K in NPT ensemble using
Langevin thermostat and Beredsen barostat. The free energy associated with the oxy-
gen transport along each tunnel were calculated using ID-WHAM (one—dimensional
weighted histogram analysis method) technique with bootstrapping. 46-#8-3051 Al 1D-
WHAM calculations were performed with the WHAM package. >

The PMF was also calculated using the multipolar—polarizable AMOEBA potential

. The use of higher—order multipoles and/or explicit polarization has been shown to pro-

53-55 56,57

vide accurate description of various system such as water, organic molecules,

peptides,® protein-ligand binding>® and ion channels.®® Several methods have been
developed to include many—body polarization, such as the fluctuating charge approach, ¢1:62
the Drude oscillator model %>%* and atomic induced dipole methods.%>%® AMOEBA
combines distributed atomic multipoles (up to quadrupole) and (Tholé damped) in-
ducible atomic dipoles, which have been shown to provide an accurate representation
for various systems, 37-337.38.67-72

Umbrella sampling/WHAM calculations for the AMOEBA calculations were per-
formed using the amoebabio09 potential /3 using the same windows as for the ff99SB
calculations. A harmonic potential (10 kcal mol~! A2, same as for the ff99SB PMF)
was for each window. Each window was sampled for 100 ps in explicit AMOEBA/GEM-

DM water>> at 300 K in the NPT ensemble using the Berendsen thermostat—barostat.
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Long-range electrostatic interactions were computed employing the smooth particle
mesh Ewald method 27475 with an 8.5 A direct cutoff. All PMFs were calculated with
the WHAM program from Grossfield et al. >> Bootstrap analysis was done to validate
the reproducibility of the data for each free energy calculation. The PMF calculations
have been performed with and without the inclusion of the water molecule coordinated
to the metal cation to investigate the possible effect on the diffusion of the O, molecule
by the screening of the cation’s charge by this water.

Direct O, diffusion was also investigated by running long MD simulations (500
ns) with the ff99SB force field (exclusively) on wild type AlkB and three mutants in
the presence of O, molecules. To probe for O, delivery pathways in AlkB, 10 O,
molecules, corresponding to 0.03 M [O»] calculated with respect to the total simula-
tion box volume of 520000 A3, were added to the equilibrated AlkB model. This O,
concentration is 23—fold higher than the saturated O, concentration in water at ambient
condition. This high O, concentration was introduced to maximize the sampling of
O, delivery pathway(s) in the protein within limited time scales (500 ns). Four inde-
pendent simulation systems were designed for wild type in which O, molecules were
initially distributed randomly around protein surface in the solution. Each system was
visually inspected to ensure that the added O, molecules did not overlap with atoms of
other molecules, and then was simulated for 500 ns in the NPT ensemble at 300 K using
Langevin dynamics (Y = 1 ps~') coupled to a Berendsen barostat. Repeated simula-
tions were performed to improve statistics and to provide a more accurate description
of the O, delivery pathway.

Three—dimensional (3D) density maps representing the O, occupancy profiles were
calculated to identify O, delivery pathways, using the Volmap tool as implemented in
the VMD program.”® Animations made from trajectories for the WT and all mutant
simulations are provided as Supplementary Information. Root mean square deviation
(RMSD), root mean square fluctuation (RMSF), hydrogen bond, correlation, histogram
and distance analyses were performed using the cpptraj module available in AMBER 14
suite. >

Energy decomposition analysis (EDA) was used to calculate non—bonded inter—
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molecular interaction energies (Coulomb and VAW interactions) between selected residues.
All EDA calculations were carried out with an in-house FORTRAN90 program.’’-’8
The average non—bonded interaction between a particular residue, W178, and every
other residue is approximated by AE;,; = (AE;), where i represents an individual residue,
(AE;) represents the non—bonded interaction (Coulomb or VAW) between residue i and
the residue of interest, W178, and the broken brackets represent averages over the com-
plete production ensemble obtained from the MD simulations. This analysis has been
previously employed for QM/MM and MD simulations to study a number of protein

systems. 5,6,30,78-80

3 Results and Discussion

This section presents the results obtained from the MD simulations and analysis for the
oxygen transport through AlkB and three W178 mutants. Subsection 3.1 presents the
results of the CAVER analysis for the crystal structure and selected MD snapshots to
investigate the prevalence of each tunnel along the trajectory. Long MD simulations on
wild type and W178 mutants are discussed in Subsections 3.2 and 3.3. This is followed
by the presentation of the free energy profiles obtained from the umbrella sampling and

WHAM calculations in Subsection 3.4.

3.1 Probability of occurrence of different tunnels in wild type AlkB

An initial analysis of the original AIkB crystal structure, 2FDG,*? using CAVER indi-
cates the existence of four possible tunnels (Figure 1a—Figure S1 a). All tunnels start
from the surface of the protein and reach Fe(Il) in the active site. The CAVER analy-
sis further indicates that the blue and red tunnels are the most probable tunnels for O;
diffusion due to their high throughput, low curvature and short length (Table S1). The
blue tunnel is defined by residues L15, A16, A17, A19, 1143, S145, F154, F156, K166,
W178, S182, F185 and H187. The red tunnel which comprises residues H131, Q132,
D133,L139,1143, W178, S182, R183, L184, F185, H187, and R210 is consistent with

the proposed tunnel by Yu ez al. 3> Figures 1b and 1c show the residues that define the
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Figure 1: a) Two main tunnels obtained with CAVER for the crystal structure of AlkB.
Residues that define the blue (b) and red (c) tunnels.

red and blue tunnels. Figure S1 b shows the position of the blue and red tunnels with
respect to the AlkB active site. The coordinated water molecule trans to H131 occupies
the site that would be replaced by the oxygen molecule traveling along each tunnel. 8!

Given that the initial CAVER analysis is based on a static structure, further analysis
was performed to investigate the effects of the protein motion on the predicted tunnels.
To this end, a short MD simulation (50 ns) was carried out on wild type AlkB and 250
random snapshots were extracted and subjected to CAVER analysis. The results for all
250 snapshots indicate that out of these samples 29.4% exhibit the availability of the
blue tunnel compared to 28.2% occurrence of the red tunnel (Table S2). In addition,
the CAVER analysis suggests that the average curvature of the blue tunnel is smaller
than that of the red tunnel. Taken together, these results indicate that O, molecules
should be more easily transported through the blue tunnel.

The CAVER algorithm simplifies the oxygen molecules and protein atoms as hard
spheres whose sizes are approximated by van der Waals radii. The algorithm deter-
mines the existence of putative tunnels purely based on steric considerations, without

considering actual intermolecular interactions. This steric nature of the calculation
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prevents any insight into the energetics of transport along the tunnel.

To further test the CAVER prediction, long MD simulations (500 ns) on wild type
AIkB in the presence of 10 O, molecules randomly positioned in the surface of the
protein have been performed to investigate how O, molecules travel along these tun-
nels. The results strikingly confirmed the prediction and show that the O, molecules
prefer to travel along the blue tunnel rather than other tunnels as described in the next

Subsection.

3.2 Long MD simulations reveal the main oxygen diffusion path-

way in AlIkB

Four independent MD simulations on wild type AlkB were performed to investigate
the diffusion of O, into and out of the active site. Each of the four independent simu-
lations contained 10 O, molecules and extended for 0.5 us. During these simulations
we observe 5 O, molecules diffuse into the active site on average. In all cases the dif-
fusion of the ligand occurs exclusively via the blue tunnel pathway (see movie S1 for
animation).

Figure 2a shows the 3D density map representing the occupancy profile for O,
molecules for the wild type and three W178 mutants (see below for mutant simula-
tions). This density map is an average over all four 0.5 us trajectories. The calculated
density maps show that the cavities occupied by O, molecules in the wild type are
consistent with the coordinates of the blue tunnel. The distance between the Fe(II)
atom and O, molecules for each independent simulation are presented in Figure S2.
Distances smaller than 6 A between an 0O, molecule and Fe(Il) were considered as a
complete entrance. In all wild type simulations we observed that all Oxygen molecules
that diffuse into the active site spend a very short time close to the Fe(II) atom on

average, and then they escape from active site and return to solution.
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Figure 2: 3D density map representing the O, molecule occupancy in a) WT, b)
W178Y, c) W178A, d) W178P. The O, molecules diffuse through the blue tunnel for
wild type and W178Y. W178A reveals a new pathway beside the blue tunnel indicated
by a red arrow. O, molecules are delivered through the blue tunnel and exhibit long
residence times around Fe(II) in the W178P mutant. The isovalue for all density maps
is 0.006.
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3.3 Mutation of W178 can change the diffusion pathway

Crystal studies on AIkB3? show that residue W178 is located at the entrance of the
binding cavity. Based on its location, Yu et al. suggested that Y178 could act as a gate
along the tunnel depending on its various side chain conformations. The effect of W178
on O, diffusion was probed by performing MD simulations on three AlkB mutants:
W178Y, W178A and W178P. These simulations were subjected to various analyses
including density maps, RMSD, RMSF and energy decomposition to investigate the
effect of the mutation on the structure and dynamics of AlkB.

The occupancy profiles for each mutant are presented in Figures 2b—d. The oc-
cupancy profile reveals that O, molecules in W178Y mutant diffuse through the blue
tunnel similarly to wild type. The correlation analysis by residue (Figure S5 e) indi-
cates that W178Y has a pattern similar to that of the wild type, suggesting that the
dynamics of this mutant and the wild type AlkB are similar. However, distance anal-
ysis (Figure S3) indicates that O, molecules in the W178Y mutant spend more time
in the active site compared to the wild type (Figure S2). This difference in residence
time could be due to the difference in size and flexibility of the tyrosine side chain with
respect to tryptophan. All systems are observed to be stable throughout the simulation
time as per RMSD with respect to the crystal structure (Figure S4).

The analysis of the change in fluctuation along the calculated trajectories between
the wild type and each mutant shows striking differences. Figure 3a suggests that
residues around the blue tunnel in the W178Y mutant fluctuate less than in the wild
type. Reduced fluctuation of these residues may explain why O, molecules spend
more time in the active site compared to the wild type.

Similar to the wild type and W178Y mutant, the O, diffusion in the W178P mutant
occurs only through the blue tunnel. However, the occupancy profile (Figure 2d), dis-
tance analysis (Figure S3) and the movie of the trajectories (movie S3) show that O,
molecules spend a significant portion of the simulation time around the Fe(Il) atom in
the active site, indicating that O, gets trapped in the active site for a larger period. The
RMSF (Figure 3c) shows that the residue at the 178 position exhibits larger fluctuations

in the P mutant than in the wild type structure.
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Figure 3: RMSF difference between wild type and mutants along the sampled tra-
jectories for (a) W178Y, (b) W178A and (c) W178P. Residues in blue(red) denote
larger(smaller) fluctuations in the mutant structures compared to the wild type.

AECoul AEvdW AETy

WT -4124+08 -23.7£04 -649£0.6
WI178Y -43.7 -21.4 -65.1
WI178A -41.8 9.7 -51.5
W178P -32.3 -13.8 -46.1

Table 1: Intermolecular energy difference analysis between residue 178 and all protein
and DNA residues for the wild type and W178Y/A/P mutants. The values for the
wild type correspond to the average over all 4 independent simulations (all energies in
kcal/mol).

The main pathway for oxygen diffusion in the W178A mutant is the blue tunnel.
However, this mutant reveals a new pathway to transport O, molecules from the surface
of the protein into the active site (Figure 2c). The correlation difference plot (Figure
S5 g) shows that residues 163 to 189 in the W178A mutant and wild type are anti—
correlated. In addition, the RMSF difference analysis (Figure 3b) shows increased
fluctuation for the residues around the new pathway in the W178A mutant compared
to the wild type. The increased fluctuation of these residues may help explain for
appearance of a new pathway in the W178A mutant.

Energy decomposition analysis (EDA) was carried out to further understand residue—
by-residue inter—-molecular interactions for the wild type and the three mutant systems.
The EDA analysis suggests that the mutation of tryptophan to tyrosine results in a neg-
ligible change to the stability of this residue with respect to the rest of the the protein

(Table 1), however, the stability of the whole protein increases significantly (Table S3).
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In the case of the W178P system, the EDA analysis reveals less stability for site 178
when P occupies this site in this mutant compared to wild type (Table 1). The sum of
all intermolecular interactions in this mutant compared to wild type (Table S3) suggests
that the mutation of tryptophane to proline results in an overall destabilization of the
protein.

In summary, the MD simulations indicate that the main pathway for oxygen dif-
fusion in all mutants is the blue tunnel. However, the access to this tunnel can be
facilitated or hindered by the mutation of W178, depending on the size and flexibility
of the residue and the resulting effect of the mutation at this position on the struc-
ture and dynamics of AlkB. These results support the importance of W178 for oxygen

diffusion, and provide an interesting site to test experimentally in the future.

3.4 PMF calculation for O, pathway to the active site

As described in Subsection 3.2, the diffusion MD simulations suggest that the O,
molecules diffuse to the active site through the blue tunnel exclusively, and remain
in the active site for a short time before returning to solution. Therefore, we have cal-
culated the PMFs associated with passive O, transport through both tunnels in order to
gain further insights for the possible reason for the tunnel preference and causes for the
short residence times of O, molecules in the active site.

The calculated PMFs for the transport of molecular oxygen along the blue and
red tunnels (the coordinated water is included in the calculations) using the ff99SB
potential are shown in Figure 4 (see Figure S6 and S7 for histogram analysis, and
Figures S9 and S10 for bootstrap analysis). The PMF results suggest that transport of
Oxygen molecules into the active site is downhill by ~ 3 kcal/mol through the blue
tunnel and the Oxygen molecules only need to overcome a small free energy barrier
(less than 1 kcal/mol) around 6-7 Afrom the active site and . Conversely, O, that
diffuses through the red tunnel need to overcome a barrier of ~ 1.5 kcal/mol to reach
the active site at the entrance of the tunnel.

The barrier observed along the red tunnel likely corresponds to the interaction be-

tween some residues with each other along this tunnel. For instance three residues
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Figure 4: Calculated PMFs for intramolecular O, transport in AIkB. The PMF for the
blue tunnel was calculated with the ff99SB, and AMOEBA force fields. For the PMF
associated with transport along the red tunnel only the ff99SB potential was used. The
coordinated water is included in this calculations.

along the red tunnel, E136, R183, and R210, form hydrogen bonds for more than 30%
of the simulation time (Table S4). These residues are located around 9-11 A from
the active site and correspond to the region where the O, molecules experience the
free energy barrier. The interaction between this residues could make the O, diffusion
more difficult as the co—substrate molecules need to break these inter—residue hydrogen
bonds in order to transit through this region of the red tunnel. The calculated barrier in
the red tunnel compared to a completely downhill energy path in the blue tunnel pro-
vides a possible explanation for the preference of O, molecule diffusion through the
blue tunnel rather than the red tunnel. These results are also consistent with the long
MD simulations, where O, diffusion for wild type AlkB was observed only along the
blue tunnel.

Furthermore, the relatively small barrier in the PMF for the blue tunnel for the
egress of O, from the active site provides a possible explanation as to why oxygen
molecules are observed to easily escape from the active site and go back to the solution

using the ff99SB potential in the free diffusion calculations (see movie S1). However,
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if the binding energy for O is too small it can be expected that this would drive the
equilibrium toward the first stage of the reaction (scheme 1), possibly making the bind-
ing of O, the rate limiting step. Thus, the short residence time of O, molecules in the
active site is inconsistent with the available experimental and computational results on
the mechanism of AlkB, since it is known that the rate limiting step is the oxidation of
the alkyl moiety by the ferryl intermediate. '8

Therefore, a question arises regarding the accuracy of the PMF based on the non—
polarizable potential. In particular, whether this force field can provide a sufficiently
accurate description of the inter—molecular interactions given the fact that O, is a neu-
tral molecule and therefore most fixed—charge potentials can only represent it by Van
der Waals interactions. Moreover, it is known that molecular Oxygen is highly polariz-
able. Therefore, we performed PMF calculations on the main proposed pathway (blue
tunnel) with the multipolar—polarizable AMOEBA potential to examine the effect of
polarization on a highly polarizable system.

When explicit polarization is taken into account, the reduction in free energy from
the surface of the protein to the active site is calculated to be ~ 51.5 kcal/mol as shown
in Figure 4 (see Figure S8 for histogram analysis and Figure S11 for bootstrap analy-
sis). The PMFs without the coordinated water in the primary coordination sphere are
presented in Figure S12. The histogram and bootstrapping analysis for all PMFs are
presented in Figures S13—S18. Overall, the shape of the PMF is similar in both systems
(with or without a coordinated water to the metal).

By contrast with the results obtained with the ff99SB force field, this large free
energy change along the tunnel indicates that once O, molecules diffuse into the active
site, it more than likely stays inside the protein and binds to Fe(II) to drive the oxidation
forward. This large free energy barrier precludes the egress of molecular Oxygen from
the active site, which enhances the likelyhood of O, molecules binding to the Fe(II)
cation in the active site. The function of AlkB (and ALKBH homologues) should also
be considered. Indeed, these enzymes are adaptive—response proteins since they are
only expressed in response to a particular event, DNA alkylation damage, and are not

present in high concentration in normal tissues under non—stress conditions. Moreover,
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these enzymes require a second co—factor (0t—kg) and a substrate (ImA for AlkB) to
turn over, and are mainly located in the nuclei (and to a lesser degree in mytochondria)
where the oxygen concentration is known to be low.®? Thus, a high affinity for the
co—substrate would be beneficial. Although we are not able to perform ligand diffusion
simulations based on long MD calculations using the AMOEBA force field due to
computational constraints, our results underscore the importance of the inclusion of

polarization in certain biological systems.

4 Conclusion

Various computational approaches have been employed to gain insights on the transport
of molecular Oxygen through intra—molecular tunnels in AlkB. Tunnel analysis based
on steric considerations indicates the existence of two possible tunnels in AlkB. Ligand
diffusion simulations based on long MD trajectories using a non—polarizable fixed—
charge potential (ff99SB) show that only one of these pathways is observed during
the simulations on the wild type enzyme. O, diffusion in the W178Y/P mutants takes
place through the same main tunnel (blue tunnel), while simulations on the W178A
mutant reveal a new pathway. The modeling shows that the replacement of W178 with
tyrosine has only a modest effect on the O, diffusion, while replacement by proline
creates a barrier and O, molecules can not readily bypass it. The calculated PMFs for
the wild type are consistent with the diffusion simulations and show that the free energy
associated with O, transport along the blue tunnel is completely downhill, compared
to a barrier of ~ 3 kcal/mol for the red tunnel. However, the small barrier for O,
egress from the active site through the blue tunnel is inconsistent with experimental and
computational results for the AlIkB mechanism. Complementary PMF simulations with
the polarizable AMOEBA potential indicate that the free energy of O, transport when
electronic polarization is taken into account remains mostly downhill, but the barrier
for egress is significantly increased by almost one order of magnitude. Our results
provide support for the existence of an intra—molecular O, tunnel in AlkB, the role of

a key conserved residue (Y178), and the importance of accounting for polarization for
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O, transport simulations.

Acknowledgements

This work was supported by grants ROIGM 108583, and RO1GM 118501 to GAC and
by Wayne State University. Computing time from Wayne State’s C&IT and the Uni-
versity of North Texas (CASCaM, NSF CHE-1531468) are gratefully acknowledged.

Supporting information

Tunnel analysis for crystal structure and MD simulations, EDA, H-bonding, distance,
RMSD, correlation, histogram, bootstrapping analyses, and additional file with AM-
BER and AMOEBA parameters for ImeA, O, and &-KG are provided in the support-

ing information.

References

[1] G. Zheng, Y. Fu and C. He, Chem. Rev., 2014, 114, 4602-4620.

[2] F. Drablgs, E. Feyzi, P. A. Aas, C. B. Vaagbg, B. Kavli, M. S. Bratlie, J. Pefia-
Diaz, M. Otterlei, G. Slupphaug and H. E. Krokan, DNA Repair, 2004, 3, 1389—
1407.

[3] D. Fu, J. A. Calvo and L. D. Samson, Nat. Rev. Cancer, 2012, 12, 104-120.

[4] R.P. Hausinger, Crit. Rev. Biochem. Mol. Biol., 2004, 39, 21-68.

[5] D.Fang, R. L. Lord and G. A. Cisneros, J. Phys. Chem. B, 2013, 117, 6410-6420.
[6] D. Fang and G. A. Cisneros, J. Chem. Theory Comput., 2014, 10, 5136-5148.

[7] B. Wang, D. Usharani, C. Li and S. Shaik, J. Am. Chem. Soc., 2014, 136, 13895—
13901.

[8] G. Schenk, M. Y. Pau and E. 1. Solomon, J. Am. Chem. Soc., 2004, 126, 505-515.

17


https://doi.org/10.1101/154674

bioRxiv preprint doi: https://doi.org/10.1101/154674; this version posted June 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[9] S. Sinnecker, N. Svensen, E. W. Barr, S. Ye, J. M. Bollinger Jr, F. Neese and
C. Krebs, J. Am. Chem. Soc., 2007, 129, 6168-6179.

[10] P. K. Grzyska, E. H. Appelman, R. P. Hausinger and D. A. Proshlyakov, Proc.
Natl. Acad. Sci., 2010, 107, 3982-3987.

[11] E. Eichhorn, J. R. van der Ploeg, M. A. Kertesz and T. Leisinger, J. Biol. Chem.,

1997, 272, 23031-23036.

[12] J. C. Price, E. W. Barr, B. Tirupati, J. M. Bollinger and C. Krebs, Biochemistry
(Mosc.), 2003, 42, 7497-7508.

[13] E. Godfrey, C. S. Porro and S. P. de Visser, J. Phys. Chem. A, 2008, 112, 2464—
2468.

[14] S. P. de Visser, J. Am. Chem. Soc., 2006, 128, 9813-9824.
[15] D. Usharani, D. Janardanan and S. Shaik, J. Am. Chem. Soc., 2010, 133, 176-179.

[16] S. Ye, J. C. Price, E. W. Barr, M. T. Green, J. M. Bollinger Jr, C. Krebs and
F. Neese, J. Am. Chem. Soc., 2010, 132, 4739-4751.

[17] S.P. de Visser, Angew. Chem. Int. Ed., 2006, 118, 1822-1825.

[18] P. Koivisto, T. Duncan, T. Lindahl and B. Sedgwick, J. Bio. Chem., 2003, 278,
44348-44354.

[19] M. S. Shadrina, A. M. English and G. H. Peslherbe, J. Am. Chem. Soc., 2012,
134, 11177-11184.

[20] P.-h. Wang, M. Bruschi, L. De Gioia and J. Blumberger, J. Am. Chem. Soc., 2013,
135, 9493-9502.

[21] N. V. Di Russo, H. L. Condurso, K. Li, S. D. Bruner and A. E. Roitberg, Chem.
Sci., 2015, 6, 6341-6348.

[22] R. Elber, Curr. Opin. Struct. Biol., 2010, 20, 162-167.

18


https://doi.org/10.1101/154674

bioRxiv preprint doi: https://doi.org/10.1101/154674; this version posted June 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[23] A. Pesce, M. Nardini, S. Dewilde, L. Capece, M. A. Marti, S. Congia, M. D.
Salter, G. C. Blouin, D. A. Estrin and P. Ascenzi, J. Biol. Chem., 2011, 286,
5347-5358.

[24] N. Colloch, L. Gabison, G. Monard, M. Altarsha, M. Chiadmi, G. Marassio,
J. Sopkova-de Oliveira Santos, M. El Hajji, B. Castro and J. H. Abraini, Biophys.
J., 2008, 95, 2415-2422.

[25] A. Tomita, U. Kreutzer, S.-i. Adachi, S.-y. Koshihara and T. Jue, J. Exp. Biol.,
2010, 213, 2748-2754.

[26] J. Z. Ruscio, D. Kumar, M. Shukla, M. G. Prisant, T. Murali and A. V. Onufriev,

Proc. Natl. Acad. Sci., 2008, 105, 9204-9209.

[27] A. Bocahut, S. Bernad, P. Sebban and S. Sacquin-Mora, J. Phys. Chem. B, 2009,
113, 16257-16267.

[28] S. Orlowski and W. Nowak, J. Mol. Model., 2007, 13, 715-723.

[29] M. Javanainen, I. Vattulainen and L. Monticelli, J. Phys. Chem. B, 2017, 121,
518-528.

[30] S. W. Dewage and G. A. Cisneros, J. Phys. Chem. B, 2015, 119, 3669-3677.

[31] M. S. Friedrichs, P. Eastman, V. Vaidyanathan, M. Houston, S. Legrand, A. L.
Beberg, D. L. Ensign, C. M. Bruns and V. S. Pande, J. Comput. Chem., 2009, 30,
864-872.

[32] B. Yu, W. C. Edstrom, J. Benach, Y. Hamuro, P. C. Weber, B. R. Gibney and J. F.

Hunt, Nature, 2006, 439, 879-884.
[33] B. Yu and J. F. Hunt, Proc. Natl. Acad. Sci., 2009, 106, 14315-14320.

[34] C. Schafmeister, W. Ross and V. Romanovski, University of California, San Fran-
cisco, 1995.

[35] D. Case, V. Babin, J. Berryman, R. Betz, Q. Cai, D. Cerutti, T. Cheatham lii,
T. Darden, R. Duke, H. Gohlke et al., 2014.

19


https://doi.org/10.1101/154674

bioRxiv preprint doi: https://doi.org/10.1101/154674; this version posted June 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[36] V. Hornak, R. Abel, A. Okur, B. Strockbine, A. Roitberg and C. Simmerling,

Proteins: Struct. Funct. Bioinf., 2006, 65, 712-725.

[37] J. W. Ponder, C. Wu, P. Ren, V. S. Pande, J. D. Chodera, M. J. Schnieders,
I. Haque, D. L. Mobley, D. S. Lambrecht, R. A. DiStasio Jr et al., J. Phys. Chem.
B, 2010, 114, 2549-2564.

[38] R. J. Loncharich, B. R. Brooks and R. W. Pastor, Biopolymers, 1992, 32, 523—
535.

[39] H. J. Berendsen, J. v. Postma, W. F. van Gunsteren, A. DiNola and J. Haak, J.
Chem. Phys., 1984, 81, 3684-3690.

[40] M. Y. Liu, H. Torabifard, D. J. Crawford, J. E. DeNizio, X.-J. Cao, B. A. Garcia,
G. A. Cisneros and R. M. Kohli, Nat. Chem. Biol., 2016.

[41] J.-P. Ryckaert, G. Ciccotti and H. J. Berendsen, J. Comput. Phys., 1977, 23, 327
341.

[42] U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee and L. G. Pedersen,

J. Chem. Phys., 1995, 103, 8577-8593.

[43] A. Pavelka, E. Sebestova, B. Kozlikova, J. Brezovsky, J. Sochor and
J. Damborsky, IEEE/ACM Trans. Comput. Biol. Bioinf., 2016, 13, 505-517.

[44] L. Schrodinger, The PyMOL Molecular Graphics System, Version 1.3 rl;
Schrodinger, LLC: New York, 2010.

[45] G. M. Torrie and J. P. Valleau, J. Comput. Phys., 1977, 23, 187—-199.

[46] S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen and P. A. Kollman, J.
Comput. Chem., 1992, 13, 1011-1021.

[47] S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen and P. A. Kollman, J.
Comput. Chem., 1995, 16, 1339-1350.

[48] B. Roux, Comput. Phys. Commun., 1995, 91, 275-282.

20


https://doi.org/10.1101/154674

bioRxiv preprint doi: https://doi.org/10.1101/154674; this version posted June 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[49] M. Petiek, M. Otyepka, P. Banas, P. KoSinov4, J. Ko¢a and J. Damborsky, BMC

bioinformatics, 2006, 7, 1.
[50] B. Efron, Breakthroughs in Statistics, Springer, 1992, pp. 569-593.
[51] B. Efron, The jackknife, the bootstrap and other resampling plans, SIAM, 1982.
[52] A. Grossfield, WHAM: the weighted histogram analysis method, 2012, 2, 06.
[53] P.Ren and J. W. Ponder, J. Phys. Chem. B, 2003, 107, 5933-5947.
[54] G. A. Cisneros, J. Chem. Theo. Comp., 2012, 12, 5072-5080.

[55] H. Torabifard, O. N. Starovoytov, P. Ren and G. A. Cisneros, Theor. Chem. Acc.,

2015, 134, 101.

[56] G. A. Kaminski, H. A. Stern, B. J. Berne and R. A. Friesner, J. Phys. Chem. A,
2004, 108, 621-627.

[57] Y. Shi, C. Wu, J. W. Ponder and P. Ren, J. Comput. Chem., 2011, 32, 967-977.
[58] P.Ren and J. W. Ponder, J. Comput. Chem., 2002, 23, 1497-1506.

[59] D. Jiao, J. Zhang, R. E. Duke, G. Li, M. J. Schnieders and P. Ren, J. Comput.
Chem., 2009, 30, 1701-1711.

[60] S.Patel,J. E. Davis and B. A. Bauer, J. Am. Chem. Soc., 2009, 131, 13890-13891.
[61] K. Ando, J. Chem. Phys., 2001, 115, 5228-5237.
[62] S. Patel and C. L. Brooks III, Mol. Simul., 2006, 32, 231-249.

[63] V. M. Anisimov, G. Lamoureux, 1. V. Vorobyov, N. Huang, B. Roux and A. D.

MacKerell, J. Chem. Theory Comput., 2005, 1, 153-168.

[64] G. Lamoureux, A. D. MacKerell Jr and B. Roux, J. Chem. Phys., 2003, 119,
5185-5197.

[65] J. Applequist, J. R. Carl and K.-K. Fung, J. Am. Chem. Soc., 1972, 94, 2952—
2960.

21


https://doi.org/10.1101/154674

bioRxiv preprint doi: https://doi.org/10.1101/154674; this version posted June 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[66] B.T. Thole, Chem. Phys., 1981, 59, 341-350.

[67] M. L. Laury, L.-P. Wang, V. S. Pande, T. Head-Gordon and J. W. Ponder, J. Phys.
Chem. B, 2015, 119, 9423-9437.

[68] Y. Shi, Z. Xia, J. Zhang, R. Best, C. Wu, J. W. Ponder and P. Ren, J. Chem. Theory
Comput., 2013, 9, 4046-4063.

[69] O. N. Starovoytov, H. Torabifard and G. A. Cisneros, J. Phys. Chem. B, 2014,
118, 7156-7166.

[70] Y.-J. Tu, M. J. Allen and G. A. Cisneros, Phys. Chem. Chem. Phys., 2016, 18,
30323-30333.

[71] E. G. Kratz, A. R. Walker, L. Lagardere, F. Lipparini, J.-P. Piquemal and G. A.

Cisneros, J. Comput. Chem., 2016.

[72] D. Semrouni, W. C. Isley, C. Clavaguéra, J.-P. Dognon, C. J. Cramer and
L. Gagliardi, J. Chem. Theo. Comp., 2013, 9, 3062-3071.

[73] P.Ren, C. Wu and J. W. Ponder, J. Chem. Theory Comput., 2011, 7, 3143-3161.
[74] T. Darden, D. York and L. Pedersen, J. Chem. Phys., 1993, 98, 10089-10092.
[75] K. Nam, J. Gao and D. M. York, J. Chem. Theory Comput., 2005, 1, 2—13.

[76] W. Humphrey, A. Dalke and K. Schulten, J. Mol. Graph., 1996, 14, 33-38.

[77] S. E. Graham, F. Syeda and G. A. Cisneros, Biochemistry (Mosc.), 2012, 51,
2569-2578.

[78] A. A. Elias and G. A. Cisneros, Adv. Protein. Chem. Struct. Biol., 2014, 96, 39—
75.

[79] Q. Cui and M. Karplus, Adv. Protein Chem., 2003, 66, 315-372.

[80] S. Marti, J. Andrés, V. Moliner, E. Silla, I. Tuiién and J. Bertran, Chem. Eur. J.,
2003, 9, 984-991.

22


https://doi.org/10.1101/154674

bioRxiv preprint doi: https://doi.org/10.1101/154674; this version posted June 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[81] M. G. Quesne, R. Latifi, L. E. Gonzalez-Ovalle, D. Kumar and S. P. de Visser,
Chem. Eur. J., 2014, 20, 435-446.

[82] H. Kurokawa, H. Ito, M. Inoue, K. Tabata, Y. Sato, K. Yamagata, S. Kizaka-
Kondoh, T. Kadonosono, S. Yano, M. Inoue and T. Kamachi, Sci. Reports, 2015,
5, 10657.

23


https://doi.org/10.1101/154674

