1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Phys Chem B. Author manuscript; available in PMC 2022 January 14.

-, HHS Public Access
«

Published in final edited form as:
J Phys Chem B. 2021 January 14; 125(1): 17-23. doi:10.1021/acs.jpch.0c08598.

Correlation Between Charge Transport and Base Excision Repair
in the MutY DNA Glycosylase

Ruijie D. Teo', Xiaochen Du™*, Héctor Luis Torres Vera$, Agostino Migliore™¥, David N.
Beratan™"!
TDepartment of Chemistry, Duke University, Durham, North Carolina 27708, United States.

*Department of Computer Science, Duke University, Durham, North Carolina 27708, United
States.

SDepartment of Molecular and Cell Biology, University of California, Berkeley, California 94720,
United States.

¥Present address: Dipartimento di Scienze Chimiche, Universita degli Studi di Padova, Padova,
Italy

"Department of Physics, Duke University, Durham, North Carolina 27708, United States.

'Department of Biochemistry, Duke University, Durham, North Carolina 27710, United States.

Abstract

Experimental evidence suggests that DNA-mediated redox signaling between high-potential
[FesS4] proteins is relevant to DNA replication and repair processes, and protein-mediated charge
transfer (CT) between [Fe4S4] clusters and nucleic acids is a fundamental component of the
signaling and repair mechanisms. We analyzed the dominant CT pathways in the base excision
repair glycosylase MutY using molecular dynamics (MD) simulations and hole hopping pathway
analysis. We find that the adenine nucleobase of the mismatched A-0xoG DNA base pair facilitates
[FesS4]-DNA CT prior to adenine excision by MutY. We also find that the R153L mutation in
MutY (linked to colorectal adenomatous polyposis) influences the dominant [Fe4S4]-DNA CT
pathways and appreciably decreases their effective CT rates.
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Introduction

CT processes are ubiquitous in cell biology, where they are used both to drive reactions!
and to convey signals.? In protein-nucleic acid complexes, the protein medium can support
charge transport between a redox cofactor and the nucleic acid duplex for purposes that
might range from detection/repair of DNA defects2> to signaling between proteins for
coordination of their activity.5-9 In these contexts, the r-stacking of DNA nucleobases
allow the charge to propagate over distances up to the nanometer scale.1% CT also governs
redox signaling that occurs in response to changes in reactive oxygen species (ROS) or
reactive nitrogen species (RNS) levels in the cellular system.11-12 Redox signaling processes
are paramount in the regulation of major cellular pathways. Structural changes in proteins
and/or DNA can alter CT pathways, dysregulate cellular signaling, and thus result in the
over proliferation of cells, contributing to human diseases like cancer.2 13

DNA-mediated CT between high potential [FesS4]2*/3* proteins is hypothesized as a
means of coordinating DNA replication and repair.2-3 High-potential [Fe,S,] clusters can
play a structural role, and experiments® 6 suggest that these clusters are involved in the
regulation of enzyme activity.14-15 Alternation between the reduced and oxidized states

of a high-potential [FesS4] cofactor via DNA-mediated charge transport may synchronize
the binding and unbinding events required for the function of [Fe4S,4] proteins involved in
DNA repair and replication. These events are believed to be governed to a great extent by
electrostatic interactions in which a protein containing a [Fe4S4]3* cluster is electrostatically
more strongly attracted and binds more tightly to the negatively charged DNA backbone
than a [Fe4S4]%*-containing protein.1® Anaerobic microscale thermophoresis indicates that
the DNA-protein binding affinity increases by 550-fold in the presence of [Fe;S4]3*.16 This
increased DNA binding also induces a shift of the [Fe4S4]2*/3* redox couple to ca. +80 mV
vs NHE.” 17-18

Redox signaling between two [FesS,4] proteins linked by a DNA duplex requires DNA-
mediated charge transport, as well as protein-mediated charge transport between the iron-

J Phys Chem B. Author manuscript; available in PMC 2022 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Teo etal.

Page 3

sulfur clusters and the duplex. Recent studies indicate the unidirectional nature of CT
between [Fe4S4] clusters and nucleic acid duplexes,19 and the general feasibility of charge
transport through a protein on ps-to-ms timescales by a multi-step hopping mechanism.19-20
Moreover, mutation effects on the preferential charge hopping routes through proteins were
described.20 These findings motivate studies into the functional role of CT in protein-nucleic
acid complexes, with the aim of providing insights into possible connections between
mutation and health consequences.

Within the above context, base excision repair (BER) glycosylases are a class of
[FesS4]2*/3*-containing proteins whose interface with DNA offers a rich medium for
functional CT, including intra-DNA CT as well as direct and protein-mediated CT

between the DNA and the [Fe4S4] cluster. Electrochemistry and atomic force microscopy
experiments indicate that DNA-[FesS4] CT in these proteins is facilitated by the positioning
of the enzyme in proximity to the base pair mismatch.4 18: 21-22 One of the most studied
BER enzymes is MutY,23-25 which excises an adenine residue (DA18 in Figure 1) from a
mismatched A-0xoG base pair. This base mismatch arises in the presence of oxidative stress,
when a guanine nucleobase is oxidized and a DNA polymerase inserts an adenine rather
than a cytosine on the complementary strand. The excision of adenine by MutY produces an
abasic site and a free adenine nucleobase. Repair polymerases and MutM eventually convert
the abasic site and 0xoG into the correct C-G base pair.

In the MutY-DNA complex (PDB file 1RRQ; see Figure 1),23 the [Fe,Sa] cluster is located
in the catalytic domain, while the DNA is sandwiched between the catalytic and C-terminal
domains. The adenine nucleobase of the A-0xoG pair (i.e., DA18, Figure 1) is extruded from
the DNA double helix and extends into the catalytic domain. This extrusion is also observed
in other DNA glycosylase complexes that repair single-base lesions.23 The nucleobase
extrusion is attributed to the transition of the N-glycosidic bond of oxoG from a syn
conformation to an anti conformation when the DNA binds to MutY (Figure 1).23 In the anti
conformation, oxoG clashes sterically with DA18, thus promoting its extrusion. As DA18
fails to rt-stack with other nucleobases and extends into the protein, DA18 could serve as

a bridge site in the DNA-[Fe4S4] CT pathway, rather than as a terminal donor/acceptor

site. Another adenine nucleobase (DA17) in the base pair next to A-oxoG (Figs. 1 and 2)
seems to be a good nucleobase candidate for oxidizing the [FesS4]2* cluster because of

the DA17-cluster edge-to-edge distance of 17.7 A. The next shortest distance between the
cluster and other nucleobases in the double-stranded DNA is 20.0 A (DA10-cluster).

While the feasibility of [Fe4S4]-DNA CT in the MutY complex was demonstrated
experimentally,24-25 in this study we probe mechanistic characteristics of this CT process
using MD simulations and an improved version of the EHPath code that identifies charge
hopping pathways and assesses their corresponding transit times.® We streamlined the prior
hopping pathway search codel® to enable CT analysis of multiple MD trajectories using
either a local computer or a computer cluster. The CT analysis described here assumes that
signaling/repair by MutY is triggered by transport of a hole from an initially oxidized DNA
molecule (i.e., a structure under oxidative stress) to the [Fe,S,4] cluster. We found that the
DAZ17 nucleobase is the most likely hole donor based on constraints of thermodynamics

and distances that determine the CT kinetic timescales.2® It is thought that the change
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in the [Fe4S4] cluster charge (after oxidation) can oxidize a partner repair protein, which

in turn allows the now-reduced MutY to slide along the DNA and identify other base
mismatches.* 24-25 Here, we propose a mechanistic interpretation of base excision repair by
MutY-DNA based on the CT between the [FesS,4] cluster and the DNA at the MutY-DNA
interface. The proposed mechanism unifies the knowledge gained from the CT hopping
pathway analysis with current understanding of the DNA repair process. Furthermore, we
describe the influence of the R153L mutation in the MutY protein (which is associated with
colorectal adenomatous polyposis2’) on the pathways and transit times for CT between the
[FesS4] cluster contained in the protein and the bound DNA.

Methods

2.1 System modeling.

The structure of the MutY-DNA complex was drawn from the PDB file 1RRQ.%3

The missing residues (i.e., 230-233 and 288-291) were added using the MODELLER
program?28, Since the crystal structure contains several mutations (D144N, P164C, F347S,
and K357E) that helped to stabilize the A-oxoG complex and amplify its expression, these
mutated residues were replaced with the original residues using PyMOL, while our attention
was focused on the effect of the R153L mutation.2® Moreover, while a study of Verdine et.
al®0 indicates that the D144N mutation may prevent full engagement of DA18 with MutY,
we decided to use PDB 1RRQ as it contains unmodified DNA (versus the fluorinated DNA
in PDB 3G0Q?%0). The resulting structure was used in the MD simulations.

2.2 MD simulations.

MD simulations (using NAMD 2.1131) of the wild-type (WT) MutY-DNA complex were
performed using the A, and As, force fields (FFs) developed in ref. 20 for the [FesS4]2*
and [Fe4S4]3* clusters. The [FesS4] cluster in MutY changes from its 2+ oxidation state to
the 3+ state as it receives a hole from an oxidized nucleobase. As in other protein-DNA
complexes,?0 the timescale for CT between the nucleobase and [FesS4] is much slower
than the accessible simulation timescale (vide infra). ldeally, the FFs used in the MD
simulation should be updated as the charge hops from the hole donor in the DNA to

the iron-sulfur cluster. As we recently observed,20 a more practical MD approach is to
analyze the dynamics of the protein-DNA complex using both the A, and the Az, FFs,20
while reactive FFs that allow for bond-breaking and formation were not considered for
the purposes of this study that focuses on electron-hole transfer.32 The FF parameters for
the 0xoG moiety were drawn from ref.33, AMBER FFs ff14SB34 and ff99-bsc03>-36 were
used for the rest of the protein and DNA. We also mutated Arg153 to Leu and simulated
the mutated MutY-DNA complex using the Ay, and Az+ FFs. The R153L mutation in

the Bacillus stearothermophilus protein drawn from the 1RRQ?3 PDB file corresponds to
the R231L mutation that in the human homolog (hMYH) is associated with colorectal
adenomatous polyposis.2’

For each simulation, Na™ ions were added to neutralize the biomolecular system and TIP3P
water was used to solvate the protein-DNA complex, extending 10 A on each side of the
unit cell. The resulting unit cell had a size of 72 x 79 x 101 A3. We used the SHAKE
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algorithm to constrain the interatomic distances (H-O and H-H) in the water molecules.3’
The electrostatic interaction energy was calculated every 2 MD time steps using the particle
mesh Ewald summation method,38 with a grid spacing of 1 A and a scaling factor of
0.833333 for 1-4 interactions. For non-bonded atomic pairs, the cutoff distance for the
periodic calculation of their interaction energy was set to 14 A, and the van der Waals
interactions were truncated at 12 A.

We conducted 8 x 104 steps of energy minimization, 150 ps of solvent equilibration at 298 K
(namely, the crystallization temperature of the 1RRQ structure) using a Langevin thermostat
with a damping coefficient of 1.0 ps~. During this equilibration, the coordinates of the
protein-nucleic acid complex were fixed. We next carried out another 125 ps of equilibration
at 298 K, releasing all atoms in the protein-DNA complex. This equilibration was followed
by another 1.5 ns of equilibration at constant temperature (298 K) and pressure (1 atm),
using a Nosé-Hoover Langevin piston pressure control3-40 with a piston period of 100 fs, a
damping coefficient of 2.0 ps~1, and a barostat damping time of 50 fs. Each MD production
run lasted 60 ns, with a time step of 0.5 fs. The RMSDs along the MD trajectories are shown
in Figure S1. Snapshots within the 10-60 ns time window were extracted every 0.5 ns to
analyze the CT pathways between the [Fe;S,4] cluster and DNA using EHPath_multirun.py
(see github.com/etransfer/EHPath).

2.3 Kinetic modeling.

The CT rate constant k for each CT step was calculated using a non-adiabatic CT rate
expression with Marcus’ high-temperature Franck-Condon factor,*

—(AG° + )°

2 1
k=5(V7) 47kgT

N T P

0]

Ineq 1, V is the electronic coupling between the initial and final electronic states, A is

the reorganization energy, AG® is the reaction free energy, and T is the temperature (in

our study, T = 298 K). In the EHPath (and the updated EHPath_multirun.py) code,° V is
obtained from the charge donor-acceptor distance using a square-tunneling barrier model, A
is obtained using Marcus’ two-sphere model#1=43 and AG® is approximated as the difference
in the donor and acceptor redox potentials (see refs!®: 42 for further details regarding the CT
parameters).

Depending on the donor-acceptor distance in a given molecular conformation, the excess
charge can either tunnel directly from the donor to the terminal acceptor site or it can follow
a multi-step hopping pathway. Both charge transport processes are consistently described by
birth-and-death kinetic models.#4-46 As described previously, either the final charge acceptor
behaves as an absorber#2 or is in contact with a charge drain, the overall mean residence
time 7 of the charge in a path (the charge transit time) can be written in the compact form8 (a
different derivation for the kinetic model with an absorber appears in ref.4°)

N-1 1 N-n—-1 N-—j ) - 1
11— 11—
T= E e E II —_—t 1|+ — )
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This transit time is implemented in EHPath_multirun.py.19 Ais the total number of hopping
sites in the pathway and &, ,+1 is the rate constant for CT between nearest-neighbour redox
sites nand n+ 1. n= 0 denotes the initial charge donor, 7=1 to N/ denotes the bridge

sites, and site 7= N+ 1 is the terminal charge acceptor. The forward and reverse CT rate
constants obtained with eq. 1 for each nearest-neighbor hop were used in eq 2. In our kinetic
analysis, only the forward rate was considered for the CT step between site 7= N and the
terminal acceptor site. That is, the final CT step is irreversible. This irreversibility models
rapid scavenging of the excess charge by redox agents in the cell42 or trapping of the charge
on the terminal acceptor.20: 42-43

EHPath_multirun calculates z for electron or hole transport pathways. With
EHPath_multirun, one can either treat [Fe,S]?* as the electron donor and a nucleobase
as the electron acceptor, or treat a nucleobase as the hole donor and [Fe,S,]?* as the

hole acceptor. These two options (with their different approximations in describing the
individual CT steps and their different boundary conditions2%) define kinetic models 1 and
2, respectively, in the following analysis. We investigated both electron and hole hopping
pathways between [Fe;S4] and DNA using these two models (Section 3).

3. Results and discussion

3.1 Charge transport in the MutY-DNA complex.

With both choices of kinetic models and of FFs, we find that the dominant CT pathway
between [FesS4] and DNA (namely, the fastest hole hopping route in most of the selected
system’s snapshots) contains DA18 as a bridge site and DA17 as the hole donor in kinetic
model 1 or as the electron acceptor in kinetic model 2 (see Table 1). Although DA17 could
donate the hole to 0xoG, since the reduction potential of 0xoG is 0.74 V vs NHE,*’ this

hole can easily be “trapped” at 0xoG, due to the higher reduction potentials of the adjacent
purines. In the presence of an oxidative environment, it is very likely that another hole will
arrive at DA17 through DNA hole transfer and proceed to other bridge sites such as DA18.
In fact, all pathways (with the exception of 1% of the pathways for kinetic model 2 and A,.)
contain DA18, and all hole (electron) hopping routes begin (end) at DA17. W20 is found to
serve as a bridge hopping site in some of the CT pathways (Table 1), due to its proximity to
[FesS4] and DA18 (Figure 1, Table S1 and S2), as well as its favorable energy landscape for
CT. In fact, the oxidation potential of the Trp residue lies between the [Fe,S4] and adenine
oxidation potentials.*2 We note that a higher percentage of CT pathways involves W20 when
the Ay FF is used in the MD simulation (19.8%) than when As. is used (5.0%) (Table 1).
Since the CT rate constant k in eq 1 drops exponentially with the donor-acceptor distance
(due to the electronic coupling factor), and the reorganization energy grows with distance,
this difference in the W20 contribution to the charge transport may be attributed to the larger
W20-DA18 distance (15.8 A, see Table S1) in the A3+ MD simulation compared to the

A, simulation (15.0 A). This increased distance produces a smaller W20-DA18 CT rate,

so that other CT pathways that do not involve W20 are kinetically more favorable. Aside
from this difference, the same qualitative picture emerges from the A, and Az, simulations.
In particular, the CT analysis of both MD simulations indicates that DA18 is an essential
hopping site for charge transport between the DNA and the iron-sulfur cluster.

J Phys Chem B. Author manuscript; available in PMC 2022 January 14.
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The [Fe4S4]-to-DA17 mean transit time averaged over the MD snapshots, { z), ranges from
0.7 to 1.7 ms (Table 2), which is within the millisecond (1-4 ms*®) half-life of adenine
radicals. Therefore, CT to the iron-sulfur cluster provides a viable route for the reduction of
adenine.

To further analyze the role of DA18 in the charge transport chain, we computed the CT
pathways between [Fe4S4] and DA17 excluding DA18 as one of the possible bridge sites.
Using both kinetic models 1 and 2, and both A, and Az+ FFs, we found that the average
charge travel time ( z) increases by about an order of magnitude ({z) is in the range 11.2—
13.6 ms; see Table 3) compared to the value that is obtained including DA17 in the hopping
pathway analysis. The comparison of the charge transit times in Tables 2 and 3 with the
adenine radical half-life (1-4 ms) indicates that the DA18 base to be excised serves as an
essential bridge for sufficiently rapid oxidation of the [Fe;4S4]2* cluster by the DA17 radical
cation, prior to DA17 reduction by other redox agents in the cell.

The extrusion of DA18, upon DNA recognition by Mut, appears to optimally position
DA18 both to serve as a key charge hopping site for DNA reduction/[FesS4] cluster
oxidation on a millisecond timescale, and also to enable the base excision by the catalytic
domain. The computed difference in { ) with and without DA18 suggests a possible
mechanism for the nucleobase excision preceding DNA repair. As MutY is near the
mismatched A-0xoG pair, the [Fe4S4]%* cluster of MutY is oxidized to the 3+ state by DA17,
via DA18 (Figure 2a). The oxidation of the iron-sulfur cluster is expected to strengthen

the MutY-DNA binding,’ thus favoring the excision of the mismatched DA18 nucleobase

by MutY’s catalytic domain (Figure 2b). Then, the [FesS4]3* cluster might be reduced to
[FesS4]?* by a partner protein (e.g., a nearby [Fe,S,]-containing repair polymerase that is
then responsible for inserting the correct nucleobase at the excision site 49) (Figure 2c).
The switch in [Fe4S4] redox state would weaken the MutY-DNA binding and thus allow
MutY to slide along the DNA duplex and continue its search for other base-pair mismatches
(Figure 2d). Furthermore, since the timescale for an initially oxidized nucleobase to transfer
the hole to the [Fe4Sy4] cluster is larger without DA18, the excision of DA18 by MutY

also discourages another hole on DNA from re-oxidizing the [Fe4S,4] cluster (which would
hinder the protein sliding) until the next DNA mismatch is encountered. /n1 vitro experiments
would be necessary to test the proposed mechanism, since it involves the coordination
between MutY and its partner protein. In particular, future experiments should verify that the
reduction of the [Fe,S,4]3* cluster of MutY does not occur before the excision of DA18.

3.2 Mutation effect on MutY-DNA charge transport.

The R153L mutation (associated with colorectal adenomatous polyposis??) influences the
occurrences and transit times of the [Fe,S4]-DNA CT pathways. However, the computed
mutation effects depend somewhat on the FF used for the [FesS4] cluster.

In the MD simulations of the mutated protein complex using the A, FF, the dominant

CT route is either direct [Fe4S4]-DAL7 tunneling (Kinetic model 1) or DA17-DA18-W20-
[FesS4] (kinetic model 2) (see Table 4). In contrast, [Fe4S4]-DA18-DA17 (kinetic model 1)
and, conversely, DA17-DA18-[Fe4S4] (Kinetic model 2) were the dominant CT pathways
found for the WT protein-DNA complex using the same A, FF (and, indeed, also using the
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Az FF; see Table 1). These differences in CT pathways are consistent with the fact that the
average [Fe,S4]-DA18 distance increases from 18.8 A in the WT protein complex to 20.4 A
in the R153L protein complex (Tables S1 and S2), while the average [Fe,S4]-DAL7 distance
only experiences a modest increase from 22.0 A to 22.2 A upon mutation. The mutation
also leads to the observation of direct CT between the cluster and DA10, which was not
found in the WT complex. This observation is consistent with the decrease in the average
[Fe4S4]-DA10 distance from 22.3 A to 21.6 A upon mutation (Table S2).

The MD simulation of the mutated system with the Az FF leads, instead, to the same
dominant CT pathways as in the WT protein complex (compare the bottom panels in
Tables 1 and 4). However, the occurrence frequencies and transit times for these pathways
change appreciably upon protein mutation. The mutation increases the average distance
between the initial charge donor and final acceptor from 21.96 A to 23.06 A, with a
consequent decrease in the electronic coupling. This change favors more frequent charge
hopping through W20 compared to the WT system and, overall, decreases the CT speed
(see Table 5). A decrease in the effective CT rate (1/z) is consistently obtained from the
MD simulations using the A, and Az, FFs, despite the structural differences that emerge
from the two MD simulations and related changes in the CT pathways. It is noteworthy
that the structural differences arising in the two MD simulations are relatively small, but
they significantly affect the CT routes, primarily because of the exponential dependence

of the electronic couplings on the donor-acceptor distances. Since the [Fe4S4]-DA17 and
[FesS4]-DA18 distances are significantly larger than the DA17-DA18 distance in both the
WT and R153L protein complexes, we expect that the A,. reduced-cluster FF describes the
CT system more realistically than the As+ FF. However, this expectation is mitigated by
the transient charge localization on the W20 residue (which is midway between the [FesS4]
cluster and the DNA) in the dominant CT pathways (see Section 2.2 and ref. 20).

Irrespective of the computational approach used, we find that the ( z) value for the

WT protein-DNA system (Table 2) increases by approximately 1 ms upon R153L
mutation (cf. Table 5). This increase in { z) should be considered cautiously, because

of the approximations in the simulations. Nonetheless, this increase may have important
mechanistic implications if experimentally validated. To understand the implications, we
note that the half-life of adenine radicals ranges from 1 to 4 ms in experiments.*8 Thus,

if the half-life of the DA17 cation in the local DNA environment is 1 ms for example,

the predicted increase in { z) upon protein mutation makes CT to the [Fe4S4] cluster non-
competitive with other mechanisms for DA17 reduction. In these circumstances, mutation
would significantly limit cluster oxidation, thus preventing tight protein-DNA binding,
favoring the continuous sliding of R153L MutY along the DNA, and hampering the DA18
excision.

4. Conclusions

We studied functional CT at the interface between the [FesS4]-containing BER enzyme

MutY and DNA using MD simulation and CT analysis with an enhanced version of our

program® to search for CT hopping pathways on numerous structures derived from MD
simulations (EHPath_multirun.py).
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After structural refinement and simulation of the protein-DNA complex from the PDB file
1RRQ,23 we found that hole transport occurs preferentially between the [Fe,S4] cluster and
the DA17 nucleobase, and that the mismatched DA18 base acts as a critical hole hopping
site prior to its excision. DA18 reduces, by an order of magnitude, the time required for

the iron-sulfur cluster oxidation, which strengthens the protein-DNA binding and favors the
DA18 excision by the catalytic domain.

Our analysis indicates that the R153L mutation in MutY slows the rate of [Fe4S4]%*
oxidation by reduction of DA17. Therefore, in the mutated system, the DA17 radical cation
can be more readily reduced by other competing processes in the cell. We argue that the
decrease in the [FesS4]2* oxidation rate can be linked to a decreased ability of the R153L
mutant to excise DA18, which may allow an interpretation of the relationship between the
R153L mutation and colorectal adenomatous polyposis in terms of mutation effects on the
functional charge transport at the protein-DNA interface.

Future experiments involving DNA-mediated electrochemical assays could examine possible
changes in the DNA-[Fe4S4] charge transit time by exploring different DNA sequences
bound to MutY. As the function of MutY is to excise adenine from its mispaired oxoG
partner, MutY positions its [Fe4S4]-containing catalytic domain in proximity to the A-oxoG
base pair for eventual excision. This invariably increases the likelihood for DNA-[Fe4S4]
charge transfer, which may unlikely alter the charge transit time significantly.
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Refer to Web version on PubMed Central for supplementary material.
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catalytic domain 6-helix barrel

Figure 1.
Structure of the MutY-DNA complex (PDB file 1RRQ?23) containing the A-oxoG

mismatched pair. The sugar-phosphate backbone of DNA is colored in orange.
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(d)

Proposed mechanism for the excision of mismatched DNA bases by MutY. The mechanism
is substantially based on CT between the DNA and the [Fe4S4] cluster, and proceeds through
the following steps: a) The oxidized nucleobase DA17 transfers the hole to [FesSa]?*

via a hopping pathway involving DA18, thus leading to [Fe,S]3*. b) The DNA-bound
MutY excises DA18, as part of the DNA repair process. c¢) CT between [FesS4]3* in

MutY and [Fe4S4]%* in a partner repair protein may reduce [FesS4]3* to [Fe4S4]%*. d) The
absence of DA18 prevents the cluster from being easily re-oxidized by a nucleobase. The
[FesS4]?*-containing MutY is thus able to slide along the DNA and search for further base
mismatches. Color code: MutY (Grey), oxoG (red), DA17 (green), DA18 (blue), [FesS4]
partner protein (gold).
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Table 1.

Strongest CT pathways computed for the WT MutY-DNA complex, using Ao+ and Ag+ to describe the
iron-sulfur cluster in the MD simulation.
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FF | Kinetic model CT pathways %
[Fe,S,]-DA18-DAL7 80.2
! [FesS,]-W20-DA18-DAL7 | 19.8
Ay DA17-DA18-[Fe,S,] 792
2 DA17-DA18-W20-[Fe,S,] | 19.8
DAL7-[Fe,S4] 1.0
[Fe,S,]-DA18-DAL7 95.0

! [Fe,S,]-W20-DA18-DA17 | 5.0
Par DA17-DA18-[Fe,S,] 95.0
2 DA17-DA18-W20-[Fe,S;] | 5.0
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Average mean residence times {z) (in ms) computed for the WT MutY-DNA complex using the selected MD

Table 2.

snapshots.
FF | (Dineticmodel 1 | {Zkineticmodel 2
Ay 13+16 1.7+19
Az 0.7+£0.3 0.9+0.4
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Average mean residence times {z) (in ms) for the WT MutY-DNA complex excluding DA18 from the CT

Table 3.

pathways.
FF | (Dineticmodel 1 | {Zkineticmodel 2
JAV 11+14 14+ 16
Az 11+10 11 +£10
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Table 4.

Distribution of CT pathways computed for the R153L MutY-DNA complex, using A,+ and Az, to describe the
iron-sulfur cluster in the MD simulation.
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FF | Kinetic model CT pathways %
[FesS4]-DAL7 77.2
[Fe,S4]-DA18-DA17 14.9

! [FesS4]-DAL0 6.9

Age [Fe4S4]-W20-DA18-DA17 | 1.0
DA17-DA18-W20-[Fe,S,] | 82.2
2 DA17-DA18-[FesSy] 16.8
DAL7-[FesS4] 1.0
[Fe4S4]-DA18-DAL7 80.2
! [FesS4]-W20-DA18-DA17 | 19.8
Aot DA17-DA18-[Fe,S4] 80.2
2 DA17-DA18-W20-[Fe,S,] | 19.8
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Average mean residence times { z) (ms) computed for the R153L MutY-DNA complex across the selected MD

Table 5.

snapshots.
FF | (Dineticmodel 1 | {Zkineticmodel 2
Ay 20+0.8 3.0+23
Az 19+13 23x14
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