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Understanding molecular signaling mechanisms in cells is critically important to
biology and medicine. A prominent case is the search for drug targets in cancer
signaling pathways. Recently, it was proposed that charge transfer through DNA
may enable signaling between iron-sulfur proteins involved in DNA repair and
replication. We show that exclusive DNA mediation is energetically unfavorable
and kinetically unfeasible, but redox agents might assist the protein signaling. Our
analysis narrows the range of possible charge transfer-based mechanisms for
intracellular signaling.
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SUMMARY

Recent experiments suggest that DNA-mediated charge transport might enable
signaling between the [4Fe4S] clusters in the C-terminal domains of human DNA pri-
mase and polymerase o, as well as the signaling between other replication and repair
high-potential [4Fe4S] proteins. Our theoretical study demonstrates that the redox
signaling cannot be accomplished exclusively by DNA-mediated charge transport
because part of the charge-transfer chain has an unfavorable free energy profile.
We show that hole or excess electron transfer between a [4Fe4S] cluster and a nu-
cleic acid duplex through a protein medium can occur within microseconds in one di-
rection while it is kinetically hindered in the opposite direction. We present a set of
signaling mechanisms that may occur with the assistance of oxidants or reductants,
using the allowed charge-transfer processes. These mechanisms would enable the
coordinated action of [4Fe4S] proteins on DNA, engaging the [4Fe4S] oxidation
state dependence of the protein-DNA binding affinity.

INTRODUCTION

Many DNA repair and replication enzymes contain [4Fe4S] clusters,? and experi-
ments suggest a key role for these clusters in regulating enzyme activity.>* For
example, in [4Fe4S]-containing base excision repair enzymes such as endonuclease
IIl (Endolll) and MutY, charge transfer (CT) from one [4Fe4S] cluster to the other,
mediated by DNA, could exchange the redox states of the two clusters, thus estab-
lishing a “communication” between the two proteins that enables the coordination
of their DNA-repair activities.”™’ In this scenario, a disruption of the DNA nucleobase
pairing would inhibit the charge transport and therefore the signaling between En-
dolll and MutY. DinG, an R-loop repairing helicase, is thought to cooperate with
base excision repair enzymes (to detect R loops in DNA) through a similar mecha-
nism.? A recent study demonstrated that various repair and replication proteins
with high-potential [4Fe4S] clusters undergo a significant increase in their DNA bind-
ing affinity when their clusters are oxidized.” In particular, the [4Fe4S]-containing
C-terminal domain of primase large subunit (p58c) binds DNA tightly when the
[4Fe4S] cluster is oxidized, while the protein and DNA are more loosely associated
when the cluster is reduced (as shown in terms of protein redox inactivity on DNA-
modified electrodes®). This finding suggests a mechanism based on DNA-mediated
charge transport for the handoff of the DNA template/RNA primer from p58c to
Pola, which is required to initiate DNA replication.”

The proposed handoff mechanism is preceded by the oxidation of the [4Fe4S] clus-
terin p58c by the DNA, which enables tight p58c binding to the RNA/DNA duplex.
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The Bigger Picture

We investigate the role of DNA
mediation in redox signaling
processes between [4Fe4S]
clusters that are relevant to DNA
replication and repair. Through
kinetic modeling, electronic
structure calculations, and
thermodynamic analysis, our
theoretical study demonstrates
that charge transfer between a
[4Fe4S] cluster and a nucleic acid
duplex bound to the [4Fe4S]
protein is unidirectional. This
unidirectionality implies that the
DNA mediation of biological
redox signaling needs to be
assisted by charge injection into
the duplex from cellular oxidants
or reductants. Using this
important mechanistic implication
and the dependence of DNA
binding affinity on the charging
state of the [4Fe4S] cluster, we
identify a set of possible
mechanisms, based on charge
transfer, for redox signaling
between high-potential [4Fe4S]
proteins involved in DNA
replication and repair. Our
analysis of these signaling
mechanisms fosters experimental
studies of functional charge
transfer in [4Fe4S] protein
systems.
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Figure 1. Human Primosome-Nucleic Acid Complex

(A) Portion of the primosome crystal structure (PDB: S5EXR'?) highlighting the [4Fe4S] cluster
docked to p180c (at zinc binding site 1, ZBS1) relative to p58c [4Fe4S] cluster and to the other zinc
binding site (ZBS2) in p180c. Color code: Zn (red), S (yellow), Fe (magenta), p180core (cyan), p180c
(orange), p58c (silver), p58y (pink), p180core-p180c linker (green), p58c-p58y linker (blue).

(B) Schematic view of the protein complex bound to RNA/DNA. p58c, with an oxidized [4Fe4S]
cluster (yellow), is linked to primase N-terminal domain (p58y). p58y connects primase to Pola. We
show the catalytic core (p180core) linked to the C-terminal subunit p180c of Pole, and a [4Fe4S]
cluster (orange) bound to p180c. The nucleic acid transiently associates primase and Pola. The
distance between the p180c [4Fe4S] cluster and the duplex depends on the conformation of the
p180core-p180c linker. The p58c [4FedS] cluster is at edge-to-edge distances of 50.9 Aand 38.6 A
from ZBS2 and from the [4Fe4S] cluster docked to p180c, respectively. For hole transport
exclusively mediated by the duplex, the path of the charge from one [4Fe4S] cluster to the other
would consist of: step 1y, from the initially oxidized iron-sulfur cluster in p58c (oxidation state 3+,
represented as a yellow cube) to the duplex, through the protein medium; step 2, namely, the
injected hole, h", moves across the duplex; step 3}, from the duplex to the cluster in p180c, which
may occur with or without protein mediation depending on the protein arrangement in Pola and
the positioning of the duplex. In the case of excess electron transport, the CT path would be as
follows: the initially reduced p180c cluster (oxidation state 2+, represented as on orange cube)
injects an electron, e”, into the initially neutral duplex; the excess electron transfers to the
nucleic acid portion close to Pola (step 2.); the electron is donated from the anionic duplex to p58c
(step 3o).

The electron-hole transfer from the duplex to the [4Fe4S] cluster is proposed to be
mediated by the Y309, Y345, and Y347 residues.” When the nascent duplex is long
enough to approach a nearby Pola (Figure 1), a hole can move from the p58c cluster,
across the duplex, to Pola, which is assumed to contain an iron-sulfur cluster.’® The
transferring charge may be an electron hole or an excess electron. The hole should
first be transferred from the [4Fe4S]3* cluster anchored to p58c, through the protein,
to the initially neutral DNA/RNA duplex (step 1y in Figure 1B, which injects the hole
h™ in the nucleic acid). After charge transport across the transiently oxidized duplex
(step 2, in Figure 1B), the hole should be delivered to the initially reduced iron-sulfur
cluster, [4Fe4S]?*, on Pola (step 3 in Figure 1B). Clearly, the DNA-mediated charge
transport from one cluster to the other can be seen as the motion of an electron in the
opposite direction in the oxidized protein-nucleic acid system. This duplex-medi-
ated CT switches the oxidation states of the iron-sulfur clusters in the two enzymes
(and therefore their relative binding affinities to the duplex), resulting in a reduced
iron-sulfur cluster on p58c and an oxidized [4FedS]3* cluster on Pola. Thus, the
charge transport establishes a signal that promotes the primer dissociation from pri-
mase (primer truncation) and its association with Pola (handoff to Pola).* If the trans-
port of an excess electron is at play (in a reduced protein-nucleic acid system), the
excess electron first transfers from the initially reduced iron-sulfur cluster on Pola
to the duplex (step 1. in Figure 1B). After moving across the (transiently anionic)
duplex (step 2¢), the excess electron charge is donated to the initially oxidized
iron-sulfur cluster in p58c (step 3. in Figure 1B). Similar considerations apply to
the DNA-mediated charge transport in the redox signaling between other [4Fe4S]
proteins involved in DNA repair and replication.”””"" Therefore, assessing the
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feasibility of a signaling mechanism based on nucleic acid-mediated charge trans-
port can have far-reaching implications for our understanding of biological signaling

and drug targets in cancer signaling pathways.*""

The redox signaling mechanism proposed by O'Brien et al.” is the subject of
debate.*"* "> A major criticism of this mechanism arises from the fact that O’Brien
et al.” used a partially misfolded p58c in their study.'® Use of wild-type p58c should
exclude Y345 and Y347 from participating in strong CT pathways between the
[4Fe4S] cluster and the duplex'?"” and would suggest a different explanation for the
findings of O'Brien et al.”*'* Furthermore, a different mechanism was proposed for
the primer synthesis, in which p58c motion, rather than a charge-transfer mechanism,
is responsible for both the termination of the primer synthesis and its loading to Pol.'?

The available experimental evidence cannot rule out either of the two proposed
primer truncation/handoff mechanisms. The primosome structure is certainly
compatible with the mechanism based on p58c motion,'? although the cause of
p58c rotation that brings the nascent primer into contact with the p180core is not
yet fully understood. Experimental data on repair and replication proteins are also
compatible with a mechanism based on DNA-mediated CT between [4Fe4S] clus-
ters.H 71 Ultimately, the function of [4Fe4S] clusters as redox switches using DNA
charge transport may coexist and operate concertedly with protein motion to coor-
dinate primase and Pola action on the primer.

DNA-mediated redox communication between [4Fe4S] clusters offers an appealing
and broadly relevant protein signaling paradigm, which could indeed be at play in
DNA replication and lesion detection/repair processes. The feasibility of such
signaling (irrespective of the specific CT pathway) on biologically relevant timescales
is the central question of biological and biomedical significance. This question did
not find an answer in the outlined debate. The answer requires demonstrating
whether CT between a high-potential [4Fe4S] cluster and RNA/DNA is energetically
accessible, and therefore kinetically feasible, in both directions (Figure 2). In fact,
irrespective of whether an electron hole or an excess electron is transferring, the
redox signaling between the two [4Fe4S] clusters requires charge transfer from
one cluster to the nucleic acid duplex (CT in the cluster-to-duplex direction, namely,
step 1, or 1. in Figure 1B), followed by charge transport through the duplex (step 2,
or 2, both of which have been widely studied in the literature'"), and finally charge
transfer from the duplex to the other [4Fe4S] cluster (CT in the duplex-to-cluster di-
rection, namely, step 3}, or 3. in Figure 1B). Here we will answer this question,
showing that through-protein charge transfer between a high-potential [4Fe4S] clus-
ter and a nucleic acid duplex is unidirectional, and therefore one of the two required
CT processes between [4Fe4S] cluster and duplex is kinetically unfeasible (Figure 2A;
also see steps 1, and 1, in Figure 1B). This result significantly delimits the possible
realizations of DNA charge transfer-mediated redox signaling between [4Fe4S] pro-
teins. We propose a general set of possible signaling mechanisms that are based
upon [4Fe4S] redox state switching and the unidirectional character of the cluster-
duplex CT (Figure 2).

RESULTS AND DISCUSSION

System Structure and Modeling

To study the redox signaling between iron-sulfur proteins, we need to fill a gap in the
structural information available from the literature, which partially endows our study
with a predictive aim, thus fostering future experimental studies that may assess our
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Figure 2. CT-Mediated [4Fe4S] Protein Signaling and Pertinent Redox Potentials

(A) Possible mechanisms for protein communication via CT, supported by the primer: (1) hole
transfer or (2) excess electron transfer between the p58c and p180c [4Fe4S] clusters (drawn as small
cubes), mediated by an RNA/DNA duplex transiently bound to both p58c and p180core. Part of the
CT route (in red) is energetically unfavorable. Nearby oxidants (O) or reductants (R) should support
these signaling mechanisms. (3) Change in relative DNA binding affinities of primase and Pola
caused by direct inter-cluster CT. (4) Competitive protein binding to the primer, modulated by
sequential changes in the [4Fe4S] cluster oxidation states assisted by RNA/DNA and surrounding
redox agents.

(B) Redox potential landscape (Table S1) for hole transfer (blue) and excess electron transfer
(green), and related downbhill (a, ¢) and uphill (b, d) electron transfer processes. Mechanism 1 would
first require hole hopping from [4Fe4S]*" in p58c to the duplex through protein redox-active
residues. However, the hole transfer to any amino acid (that is, the electron-transfer step b in the
opposite direction) is energetically uphill, thus making the hole-hopping process kinetically
unfeasible (forbidden step in mechanism 1). If the duplex is oxidized by an external agent (O), the
hole can be delivered to [4Fe4S]?* in p180c, thatis, an electron can transfer downhill in the opposite
direction (step a), from the [4Fe4S]?" energy level to one of the duplex energy levels, possibly
occupying intermediate Tyr and Trp levels. Mechanism 2 would first require direct or protein-
mediated electron transfer from [4Fe4S]?* in p180c to the duplex (uphill step d, that is, kinetically
unfeasible step in mechanism 2). However, if the duplex is negatively charged by an external agent
(R), the excess electron can move downhill from any of the purine energy levels, through Tyrand Trp
levels, to reduce the initially oxidized p58 cluster (allowed electron transfer step c). The dashed
blue lines correspond to different choices for Tyr and Trp oxidation potentials that are described in
the main text.

conclusions. Although eukaryotic DNA polymerases need [4Fe4S] clusters to form
active complexes,'® crystallization of Pola with the cluster is hindered by the lability
of the latter, which is expected to bind p180c at the solvent-exposed zinc binding
site 1(ZBS1).'%'* Thus, we docked a [4Fe4S] cluster to Pola at ZBS1 (see Theoretical
and Computational Procedures and Section S1 in Supplemental Information).
Compared with the other zinc binding site ZBS2 in p180c, ZBS1 is closer to the
p58c [4Fe4S] cluster and is proximal to the Pola. DNA binding catalytic core (Fig-
ure 1). The crystal structure with PDB: 4QCL'® also shows that ZBS1 is close to
W1084 and to Tyr residues near the duplex (Figure S2) that may assist CT between
the cluster and the duplex.

Signaling exclusively mediated by CT through DNA? requires a [4Fe4S]** cluster in
p58c to oxidize the duplex and then a [4Fe4S]?* cluster in Pola to reduce the duplex,
by means of hole or excess electron transport (Figures 1B and 2). For any DNA-medi-
ated CT path, the inter-cluster distance would be prohibitively long for single-step
charge self-exchange between the iron-sulfur clusters in p58c and p180c. Instead
(in the case of hole transfer, for example), the initially oxidized [4Fe4S] cluster in
p58c should oxidize the duplex, assisted by redox-active Tyr, Trp, and Met'??° res-
idues. Then, hole transfer through the RNA/DNA duplex should bring the hole suf-
ficiently close to Pola to enable its transfer to the p180c [4Fe4S] cluster, by hopping

Cell

Chem 5, 122-137, January 10, 2019

125




Chem

through Pola or by direct tunneling. Aligning the p180core crystal structure (PDB:
5EXR'?) with the docked [4Fe4S] cluster to the crystal structure of a p180core-
RNA/DNA complex (PDB: 4QCL'"®), we found that the [4Fe4S] cluster can directly
face the duplex, depending on the p180c-linker-p180core conformation. Therefore,
if this theoretical result is validated by future experiments, it means that the charge
can also transfer directly between the duplex and the [4Fe4S] cluster in p180c.

CT between [4Fe4S] Cluster and Nucleic Acid

After identifying all of the redox-active residues'?° in the primosome that may sup-
port charge hopping (Figure S3), we studied the feasibility of the CT steps involved
in signaling mechanisms 1 and 2 (Figure 2A) without the intervention of external
redox agents in the cell environment, namely: charge hopping from the [4Fe4S] clus-
ter of a protein to the nucleic acid duplex, followed by charge transport through the
duplex toward its contact with the other protein and CT from the thus charged
duplex to the [4Fe4S] cluster on the other protein, directly or via hopping through

the pertinent protein medium.

The charge transport through the duplex, which is step 2}, or 2¢ in Figure 1B, should
consist of no more than eight charge-hopping steps through the nine base pairs of
the optimal-length nucleic acid duplex'? shared by the two proteins before the
duplex handoff to p180c. However, the number of hopping steps required to tra-
verse the duplex can be less than eight, depending on which purine nucleobases
are involved in the protein-nucleic acid contact regions. In addition, structural con-
straints on the duplex bound to the proteins may reduce the reorganization energies
associated with the charge hopping through the nucleic acid compared with the
values expected in solution.?’** Even without considering the enhancement in
rapidity of DNA charge transport that may result from these two factors and from
the occurrence of CT mechanisms with slow distance dependence of the effective
CT rate,”"”* the charge transfer across the DNA template/RNA primer can always
take place within the biologically relevant millisecond timescale, as is easily seen
by describing the hopping steps with Marcus’ CT rate equation and using values

from the literature for the free energy parameters®'~2%2¢-%%

29-32

and electronic couplings
that mainly involve guanine (for hole transfer) or thymine (for excess electron
transfer).>* Therefore, we will not consider further the DNA charge transport, and
our analysis will focus on the protein-mediated CT between the iron-sulfur clusters
and the nucleic acid, namely, the two fundamental steps drawn for the CT-mediated

signaling mechanisms 1 and 2 of Figure 2A.

We begin our analysis with the CT from the [4Fe4S] cluster in p58c to a bound tem-
plate/primer duplex. This CT would be the first essential step in a p58c-p180c
signaling mechanism that is based on duplex-mediated CT between their iron-sulfur
clusters. First, we inspected the electron tunneling pathways between the iron-sulfur
cluster and RNA/DNA duplex in a p58c-duplex complex (PDB: 5F0Q'?). Our
pathway analysis (Supplemental Information [Section S6] and Figure S4) indicated
that the strongest tunneling pathways terminate on the DA10, DA7, and guanosine
triphosphate (GTP) purine nucleobases (see Figure S4, as well as Figures 3 and 5).
Charge tunneling to DA10 is fast (Tables S5 and Sé), but we excluded DA10 as a
possible hole donor in hole transfer, or electron donor in excess electron transfer,
for signaling purposes. In fact, DA10 lies in the single-stranded DNA portion, and
the next charge transport through the DNA needed for signaling would be kinetically
unfeasible.>**® DA7 also lies in the DNA single strand. However, DA7 is H-bonded
to H303, and the DA7-H303 pair is mt-stacked to the GTP-DCé pair at a terminus of
the RNA/DNA duplex. Thus, DA7-H303 behaves as a pseudo pair that extends the
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Figure 3. CT Steps and Rate Constants (in s~ ") in Hole Hopping between the Iron-Sulfur Cluster
and the Nucleobases in the p58c-RNA/DNA Complex (Crystal Structure with PDB: 5F0Q)

The CT steps with an inverse rate constant within a biologically relevant millisecond timescale are in
blue; the other steps are in red. The fastest (second fastest) CT route is drawn as a green (orange)
dashed line. Possible routes for charge transport between the [4Fe4S] cluster and the nucleic acid
are 1: [4Fe4S]-M307-DA7; 2: [4Fe4S]-Y309-W327-M307-DA7; 3: [4Fe4S]-Y309-W327-Y345-GTP; 4:
[4Fe4S]-Y309-W327-Y345-Y347-DG4; 5: [4Fe4S]-M288-Y309-W327-M307-DA7; 6: [4Fe4S]-M288-
Y309-W327-Y345-GTP; 7: [4FedS]-M288-Y309-W327-Y345-Y347-DGA4.

double-stranded region (Figure S4). In the p58-nucleic acid complex, the distances
from the [4FedS] cluster to DA7 and GTP are such that the pertinent tunneling path-
ways are not kinetically competitive with the connecting charge-hopping routes
investigated below. Yet the DA7 and GTP purines also are at shorter geometric dis-
tances from the iron-sulfur cluster than other purine nucleobases in the DNA/RNA
duplex segment. Thus, simple structural analysis also suggests the DA7 and GTP pu-
rines as preferential sites for CT to/from the iron-sulfur cluster via charge hopping
through intervening redox-active amino acid residues. We also included DG4 in
our analysis, since this is the closest guanine to Y347 and would be the most prob-
able electron acceptorin a hopping chain that contains the Tyr residues investigated
by O'Brien et al.*

Next, we analyze the feasibility of hole transfer between the iron-sulfur cluster bound
to p58c and the duplex in either direction. We will show that: (1) a hole can transfer
from an initially oxidized duplex to an initially reduced iron-sulfur cluster, [4Fe4S]**
(namely, in terms of electron transfer, an electron can be donated by the cluster to

the nucleic acid), thus leading to a neutral duplex and [4Fe4S]P*

on p58c; (2) on
the contrary, the hole cannot transfer in the opposite direction, from an initially
oxidized cluster to an initially neutral nucleic acid, thus leading to [4Fe4S]1?* and
an oxidized duplex (step 1y in Figure 1B, or step b of Figure 2B, as described in terms
of electron transfer in the opposite direction and, partly, in terms of energetics). This

is the forbidden step in signaling mechanism 1 (Figure 2A).

Inspecting the crystal structure of the human primosome (see Figure S3), we identi-
fied M288, Y309, W327, and M307 as the p58c residues that can be involved in the
hole transfer from the RNA/DNA duplex to [4Fe4S]1?T. We inspected the entire
network of hole-transfer routes through these residues, using the Marcus rate con-
stant expression for nonadiabatic electron transfer*® to quantify the speed of the in-
dividual hole-transfer steps. The electronic couplings and free energies entering the
CT rate constants were calculated as described in Theoretical and Computational
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Figure 4. Kinetic Model for Electron Transfer from the [4Fe4S] Cluster in p58c to the Anchored
Nucleic Acid

0is the iron-sulfur cluster; 1 to N denote the primase redox-active residues that intervene in a given
charge-transport pathway; and N + 1 is the electron-accepting purine nucleobase in the nucleic
acid. J is the electron charge flux to the nucleic acid and/or other agent in the environment that
sweeps away the electron once it arrives at site N + 1 (see main text). Thus, the occupation
probability of this site is negligible at any time, and the backward rate kn.1-n (in gray) does not
appear in the corresponding master equation (Equation S25).

Procedures and Section Sé of Supplemental Information. The resulting rate con-
stants are reported in Figure 3.

To demonstrate point (1), we built a kinetic model (see Figure 4 and Supplemental
Information [Section Sé]) to quantify the efficiency of the hole-transfer routes from
the initially oxidized duplex to the [4FedS]?* cluster. The model is described more
simply and equivalently in terms of electron transfer from [4Fe4S]*" to an oxidized
duplex, which reduces the latter. Assuming the charge-hopping mechanism (which
is a completely incoherent regime of charge conduction, with complete nuclear
relaxation of the system between any CT process and the next one), the probabilities
that the transferring electron charge is in the different redox sites shown in Figure 3
in any given CT route are given by the classical-type master equation

dP,

Ti‘oz — Pokoa1 + P1I(‘|ﬂo

dpP, .

dt = - Pn(’<n~>n—1 +kn~>n+‘|) + Pn—‘l kn—‘l%n"’ Pn+1kn+1an (Equatlon 1)
dP,

= Puknoner = J.

In the electron-hopping chain, n = 0 denotes the iron-sulfur cluster, n = 1 to N indi-
cate the amino acid residues that can support the charge transport, and site N + 1 is
the arrival nucleobase, which is in contact with the charge drain. k,— is the rate con-
stant for the electron-transfer step from site n to site n’ (or, equivalently, for the
converse hole-transfer step) and J is the charge flux out of site N + 1 (Figure 4).
J and all occupation probabilities depend on t. We coupled Equation 1 with the
time boundary conditions Py (0) = 1, because the transferring electron is initially
on the cluster (i.e., site 0 in Figure 4); Pns1 (1) = O for any t, because we describe
the nucleic acid duplex together with nearby redox agents (e.g., oxidants) that
may contribute to protein signaling as a charge drain that swipes away the trans-
ferred electron; and [ J(t)dt = 1, because the electron charge is finally delivered
to the drain. This non-steady-state problem is further detailed and solved in Supple-
mental Information. The speed of charge flow through an electron-hopping route is
measured by the mean residence time®’*® of the transferring charge in the iron-sul-
fur cluster-protein complex, prior to its arrival at the nucleic acid. In Section S6 of
Supplemental Information, we obtained the following expression for this time:

Ny Nenot Noj 1
= < Z H nd i 1) + . (Equation 2)
n=0

knarw‘\ j=0 i:n+1kiai+‘| kNHN+1
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Figure 5. Electron-Transfer Routes from the p58c Protein to Nucleic Acid

The two most rapid electron-transfer paths from the p58c [4Fe4S] cluster to RNA/DNA (i.e., hole
transfer in the opposite direction) are shown as green ([4Fe4S]-M307-DA7) and orange ([4Fe4S]-
Y309-W327-M307-DA7) arrows. The timescale of the second route may range from ms to pus
depending on the redox potentials of the Tyr and Trp residues. The purple arrow shows the fastest
but unproductive electron transfer from [4Fe4S] to DA10 in the single-stranded DNA portion. H303
(denoted H), which is H-bonded to DA7, and DC6, which is paired to GTP, are in pink.

When all backward electron-transfer rates can be neglected, Equation 2 reduces to

N
Tapprox = §

1

knﬁn+1

“(Kni15n<<knonit1, 0<n<N), (Equation 3)

namely, the summation over the inverse rates for the individual CT steps in a given
pathway. Inserting the rates of Figure 3 into Equation 2, we found that [4Fe4S]-
M307-DA7 and [4Fe4S]-Y309-W327-M307-DA7 provide the fastest charge-hopping
routes (see Figure 5 and Table 1).

For the CT route through M307, we obtained 1 = 6 ps, while for the other CT route
we found a 7 value that ranges from milliseconds to microseconds depending on the
characteristics of the CT through Tyr and Trp (see Figure 5 and Supplemental Infor-
mation [Section Sé]). These timescales (and especially the one for charge transport
through M307 only) theoretically support the general validity of the experimental
finding that the [4Fe4S] cluster can serve as an effective redox switch to modulate
p58c-duplex interactions.®'® In fact, our result was obtained for a protein structure
different from the mutated one used in O'Brien et al. ¢ (therefore, a different specific
CT pathway in the protein is at play) and is expected to be valid for any iron-sulfur
protein with sufficient content of Tyr, Trp, and Met residues. Therefore, hole transfer
from an oxidized RNA/DNA duplex to the [4Fe4S]** cluster bound to p58c can occur

on biologically relevant timescales, producing the [4Fe4S]**

cluster and strength-
ening the protein-duplex binding (thus preparing the initial state in signaling mech-
anism 1 of Figure 2A); and hole transfer can also occur from the duplex to p180c (al-

lowed CT process in mechanism 1, which is denoted as step 3}, in Figure 1B).

The two different timescales for routes 2-4 in Table 1 depend on the way we treat the
electron-transfer steps involving Tyr and Trp. For example, the oxidation potential
for the Tyr residue is 0.93 V if the electron transfer is coupled to proton transfer to
a residue nearby, Y-OH—-Y-O +H™ + e (here, differently from Table 1, Y denotes
the Tyr without the hydroxyl group, and hence Y-OH denotes the full amino acid
residue), while the oxidation potential is 1.38 V in the case of pure electron trans-
fer,Y-OH—Y-OH * + e~.?"*CIfthe transferring proton has a tight H bond with a res-
idue nearby, the short-range proton transfer is expected not to affect appreciably
the electronic wave functions of Tyr. In this case, the CT process leading to the Tyr
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Table 1. Mean Residence Time 7 in the [4Fe4S]-Protein Complex, Its Approximate Value 7. proxs
and Lower Bound 7. for the Mean Residence Time Corresponding to Electron Transfer to
[4Fe4S]** (Obtained as the Inverse of the Smallest Electron-Transfer Rate Constant Involved)

Electron-Transfer Route Tapprox (8)° 7 (s)° 7> (s)

1: [4Fe4S]-M307-DA7 5.7%107° 5.7%107° 7.0x10%°

2: [4Fe4S]-Y309-W327-M307-DA7 8.6x107° 8.6x107¢ 6.7%107
9.8x107% 7.3x107° 8.8x10"

3: [4Fe4S]-Y309-W327-Y345-GTP 3.0 3.1 6.7%107
4.2x1072 25 8.8x10"

4: [4Fe4S]-Y309-W327-Y345-Y347-DG4 1.0x10? 3.6x10° 6.7x107
1.0x10? 2.3%10? 8.8x10"

For each route in which Tyr and Trp are involved, the first (second) line corresponds to the first (second)
value of oxidation potential in Table S1.

®From Equation 3.

From Equation 2.

oxidation can be described approximately as pure electron transfer with an oxida-
tion potential close to the value for proton-coupled electron transfer.'” This is essen-
tially the case in the crystal structure with PDB: 5F0Q (e.g., the N atom of His292 side
chain is in H-bond configuration with the OH group of the Y309 side chain). There-
fore, in our analysis, we described the electron-transfer steps through Tyr residues
using the Marcus rate equation with 0.93 V and 1.38 V as limiting values for the
oxidation potential, in order to show the robustness of our kinetic conclusions
with respect to parameter choices. We similarly used two oxidation potential values
for Trp, and these two values are much closer to each other than for the case of Tyr
(see Table S1).

Note that the conclusions on the feasibility of the electron transfer from the initially
reduced iron-sulfur cluster to the initially oxidized duplex and on the relative speed
of the electron-transfer routes in Table 1 are both not changed using oxidation po-
tential values that differ by almost 0.5 eV, which are reflected in accordingly large
changes (compared to the thermal energy) in the activation free energy of Marcus’
formula. Although the relative difference in 7 for the electron-transfer routes to
GTP and DG4 depends significantly on the oxidation potentials used for Tyr and
Trp (and we cannot exclude the possibility that thermal fluctuations of the protein
structure erase this difference), this difference is unessential to establish the feasi-
bility of the electron-transfer mediation by the protein. In fact, using the structure
with PDB: 5F0Q,"? our kinetic model predicts that electron transfer to GTP (that is,
hole transfer from the GTP to the iron-sulfur cluster) is slower by several orders of
magnitude compared to the electron transfer to DA7, with 7 in the range 3-25 s,
and the electron transfer to DG4 through Y345 and Y347% is even slower, with 7 in
the range 102-10% s (Table 1).

The efficiencies of all charge-hopping routes depend on theoretical values of the
reorganization energies for CT between protein residues (for which direct experi-
mental information is currently unavailable), and could be influenced by fluctuations
of the protein structure. However, these two factors cannot erase the large gap in
speed between the CT paths to DA7 and to GTP or DG4 shown in Table 1 (while ther-
mal fluctuations of the protein structure could produce appreciable relative changes
in the rapidity of slow electron-transfer routes, such as routes 3 and 4). For example,
although large thermal fluctuations could change the distances between redox part-
ners for a time longer than the pertinent CT steps (thus causing appreciable changes
in the effective CT distances and in the corresponding outer-sphere reorganization

130 Chem 5, 122-137, January 10, 2019

Cell



Chem

energies), Marcus theory®® implies a relatively weak dependence of the outer-sphere
reorganization energy on the donor-acceptor distance, provided that this distance is
much larger than the effective donor and acceptor radii. Thus, we expect that depar-
tures of the reorganization energies from the values estimated in the Supplemental
Information by a significant fraction of eV are not likely. Furthermore, considering,
for example, the CT steps that involve the frequently occurring Tyr and Trp residues
(see Figure 3), the use of oxidation potentials that differ by a significant fraction of eV
implies changes of similar magnitude in the reaction free energy for electron transfer
to other residues, and these changes affect the electron-transfer rates more than
similar changes in the reorganization energy would (because the reorganization en-
ergy, differently from the reaction free energy, is also contained in the denominator
of Marcus’ expression for the activation energy). Yet Table 1 shows the robustness of
the conclusions with respect to the choice of Tyr and Trp oxidation potentials.

The above analysis does not rule out that, in a mutated protein, changes in p58 local
4,15

folding™ '~ can significantly alter the Tyr positions and therefore the specific route that

enables the fastest electron transfer from the iron-sulfur cluster to the nucleic acid.

CT Unidirectionality and [4Fe4S] Signaling Mechanisms

Importantly, while duplex-to-protein hole transfer is feasible irrespective of the sys-
tem-dependent specific path, we find that the hole transfer in the opposite direction
from [4Fe4S]** to an initially neutral RNA/DNA duplex cannot occur on biologically
relevant timescales (forbidden hole transfer from the p58c iron-sulfur cluster to the
duplex in mechanism 1 of Figure 2A, which is denoted as step 1y, in Figure 1B).
This conclusion is achieved without building a kinetic model for the protein-to-
duplex hole transfer (which would require different boundary conditions), since at
least one inverse electron-transfer rate in all routes of Figure 3 is much larger than
any biologically relevant timescale (Table 1 and Supplemental Information [Section
S6]) and makes the pertinent electron-transfer route much slower than the route in
the opposite direction. Therefore, in Table 1 we only reported lower bounds for
the mean residence times associated with the converse CT routes, obtained as the
inverse rate constants for the most rate-limiting electron-transfer steps involved.
The oxidation potentials of the redox-active species play an important role in pre-
venting this hole transfer (which we assessed and quantified in terms of CT rates),
and using the gamut of redox potential values in the literature cannot significantly
affect the free energy scheme in Figure 2B and its implications for hole transfer
(or excess electron transfer). While the currently available force fields for the
[4Fe4S] cluster lead to significant distortions of the cluster (thus hindering accurate
MD simulations of cluster-protein complexes) and the heterogeneous nature of the
redox centers involved requires using different methods to compute electronic cou-
plings, the 7. values in Table 1 and their comparison with the corresponding “for-
ward"” 7 values establish the unidirectional character of the hole transfer between
the [4Fe4S] cluster and the duplex robustly with respect to any future computational
refinements. An important implication of this unidirectionality is that, in mechanism 1
of Figure 2A, the p58c [4Fe4S] cluster cannot inject into the duplex the hole that
must then traverse the nucleic acid and finally oxidize the [4Fe4S] cluster in p180c
to accomplish signaling. However, if a hole is injected into the duplex by a nearby
oxidant, this hole can then be transferred to the p180c cluster (allowed transition
in mechanism 1). In fact, for hole transfer from the duplex to the [4FedS]?* cluster
anchored to p180c, the redox-active moieties involved are the same as in the
duplex-p58c complex: the [4Fe4S] cluster, nucleobases, and (depending on the rela-
tive orientation of p180c and p180core polymerase domains) the same types of
amino acid residues. Thus, similar values of the free energy parameters are at play.
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We now consider the possibility that the signaling between iron-sulfur proteins is
mediated by transfer of an excess electron through the RNA/DNA duplex (signaling
mechanism 2 of Figure 2A, which is represented by steps 1.-3. in Figure 1B): the
initially reduced p180c iron-sulfur cluster donates an excess electron to an initially
neutral duplex, which uses this electron to reduce the initially oxidized p58ciron-sul-
fur cluster.

Through-protein excess electron transfer from an anionic duplex to [4Fe4S]3*
(step 3. in Figure 1B) can occur on biologically relevant timescales on the basis of
the redox potentials of the involved species (Tables ST and S2; Figure 2B) and the
localization properties of the diabatic electronic states in excess electron transfer.
In fact, on average, the excess electron charge is expected to be more delocalized
than the electron hole on a given redox-active moiety, and the reorganization en-
ergy value drops as the excess charge delocalizes.”’* Furthermore, the electronic
coupling involved in an excess electron transfer step is expected to be larger, on
average, than the electronic coupling for hole transfer between the same redox sites
because of the greater delocalization of the diabatic electronic states. Given these
considerations, we can assert the feasibility of excess electron transport from the

anionic nucleic acid to the [4Fe4S]** cluster in p58 (step 3. in Figure 1B or process
on the right in mechanism 2 of Figure 2) without repeating calculations analogous

to those described above for the case of hole transfer.

Excess electron transfer from [4Fe4S]?* to the duplex (step 1c in Figure 1B) is
instead energetically unfavorable (forbidden CT step in mechanism 2 of Figure 2A,
and transition d in Figure 2B). The redox-active Tyr, Trp, and Met residues (note
that methionine sulfoxide is usually the starting compound in Met reduction)
cannot support excess electron transfer from the iron-sulfur cluster to the nucleic
acid. This process is kinetically unfeasible even if the [4Fe4S]?* cluster in p180c
comes into direct contact with the duplex attached to p180c. By combining
crystallographic information with density functional theory (DFT) electronic struc-
ture analysis of the excess electron distribution on the guanine near the p180c
iron-sulfur cluster, we estimated a minimum center-to-center distance of about
8 A between the guanine and the cluster, and a maximum electron-transfer rate
on the order of 1077 s~

signaling cannot be mediated exclusively by excess electron transfer through

(see lower panel in Table S7). Accordingly, redox

the duplex. We can state this result because of the kinetic impossibility of step
1¢ shown in Figure 1B, irrespective of the computational validation (not provided
in this study) of our arguments in support of the kinetic feasibility of step 3.. How-
ever, our results do not exclude that a reducing agent (such as, e.g., glutathione)
in the surrounding environment can donate the electron to the duplex and thus
enable mechanism 2.

Mechanism 3 in Figure 2A envisages signaling by direct CT (either hole transfer or
excess electron transfer) between the two [4Fe4S] clusters, while p58c holds the tem-
plate/primer during its handoff to Pola."? In this scenario, the hole transfer should
occur by superexchange, since the cluster-to-protein hole hopping is energetically
unfavorable (Figure 2B). Excess electron transfer should also occur by superex-
change, since the CT step from the cluster to any of the redox-active amino acids
is energetically unfeasible. Direct CT between the two [4Fe4S] clusters is expected
to change the relative strengths of p58c and p180c binding to the duplex,”
promoting primer transition. Charge self-exchange between the [4Fe4S] clusters
at the distance shown in Figure 1 cannot occur on a biologically relevant timescale.
However, the flexibility of the p58c-p58y linker,'?** and substantial conformational
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changes during primer synthesis,'? might bring the [4Fe4S] clusters sufficiently close
to each other to enable direct CT. Our analysis (top panel in Table S7) establishes a
maximum inter-cluster distance of ~12.5 A for the occurrence of direct hole transfer.
Testing the feasibility of this signaling mechanism requires additional structural data
and, from a theoretical perspective, the development of accurate methods to calcu-
late free energy and coupling parameters for CT between [4FedS] clusters. We
computed the electronic couplings between [4Fe4S] clusters (Tables S4 and S7)
with a method that only includes a few low-energy electronic states of the iron-sulfur
clusters.”> However, a recent theoretical study accurately describes a large density
of [4Fe4S] electronic states that can contribute to the electronic coupling between
the clusters,*® thus increasing the electronic transmission coefficient in the elec-
tron-transfer rate and correspondingly growing the range of inter-cluster distances
that would enable direct CT.

Mechanism 4 in Figure 2A does not require CT between [4Fe4S] clusters, but it again
relies on the connection between [4Fe4S] cluster oxidation and DNA binding. After
p58c binding to the duplex, the latter donates an electron to an oxidant nearby (Fig-
ure 2A, mechanism 4, middle panel). The Pola [4Fe4S] cluster then reduces and
binds the duplex, displacing the primase by steric or other structural interactions
(Figure 2A, mechanism 4, bottom panel). The necessary presence of an oxidant spe-
cies makes signaling mechanism 4 more sensitive to oxidant concentration than
mechanism 3, thus offering a means to distinguish, experimentally, between the
two mechanisms, if they are viable.

In conclusion, we demonstrate that protein-mediated hole transfer or excess elec-
tron transfer between an iron-sulfur cluster and a nucleic acid duplex is always
possible in one direction, on a microsecond timescale, irrespective of the specific
charge-hopping pathway used to accomplish the CT. This finding solves a main

point of debate in the recent literature,*'*~"*

showing that the redox “communica-
tion"” between the [4Fe4S] cluster and nucleic acid is, indeed, possible15 irrespective

of the specific protein pathway involved.

However, the demonstrated one-directionality in CT between protein iron-sulfur
cluster and nucleic acid duplex sets clear conditions on the possible mechanisms
of redox signaling between [4Fe4S] proteins, ruling out any mechanism in which
the signaling is exclusively mediated by DNA charge transport, thus requiring
CT in both [4Fe4S]-to-DNA and DNA-to-[4Fe4S] directions. The free energy land-
scape in Figure 2B was clearly not sufficient to establish the CT one-directionality,
which depends on the actual participation of the high-potential amino acid resi-
dues in the most rapid charge-transport paths and on the resulting effective CT
rates, as compared with a reasonable lower bound of a millisecond timescale for
the occurrence of biological processes. Our structural analysis (with the identifica-
tion of the redox-active amino acids in “strategic” positions), kinetic study of the
different charge-transport routes (with the identification of the most rapid routes),
and quantification of the rapidity of such CT pathways allowed us to establish in an
unquestionable way the one-directional character of the CT between [4Fe4S] clus-
ter and nucleic acid. Future theoretical-computational refinements cannot affect
this major conclusion, although they would improve our quantitative knowledge
of the protein-mediated CT in the allowed direction. For example, while route 2
(Table 1 and Figure 5) is kinetically feasible within a biologically relevant timescale
irrespective of the set of oxidation potential values used, the difference in rapidity
between routes 1 and 2 can be significantly influenced by the CT parameters. In
particular, future studies of hole transfer through Tyr and Trp residues could
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help us to narrow the range of timescales for CT route 2 provided in this studly.
Therefore, future computational refinements would enable a more accurate com-
parison between the efficiencies of routes 1 and 2, which, in turn, would enable
theoretical predictions on the possible effects of mutations on the relative rapidity
of such CT paths.

We identified the only feasible classes of mechanisms for redox signaling between
[4Fe4S] proteins (mechanisms 1-4 in Figure 2A) as those compatible with the above
finding and with the dependence of the protein-DNA binding affinity on the oxida-
tion state of the [4Fed4S] cluster.*” The proposed signaling mechanisms frame future
studies on primer synthesis and, more generally, on protein communication via
redox signaling between [4Fe4S] clusters. All mechanisms are compatible with the
current knowledge of human primosome structure and dynamics,'? and also support
the potential for [4Fe4S] cluster redox signaling in biology.*

More generally, our findings help to narrow the search for functional CT processes in
DNA replication and lesion detection/repair and can assist in the design of primo-
some inhibitors that may be of use for arresting DNA replication in cancer cells.”
Discrimination among the mechanisms described in Figure 2A demands future
experimental investigations that provide the missing structural information and
study the protein-nucleic acid complex under different oxidation/reduction environ-
mental conditions (for example, the two protein-DNA CT steps in mechanisms 1
and 2 could be studied separately, using DNA-mediated electrochemistry as in
O'Brien et al., * with different concentrations of oxidants or reductants), thus produc-
ing new fundamental understanding of redox signaling processes between iron-sul-
fur proteins relevant to biomedicine.

Theoretical and Computational Procedures

We docked a [4Fe4S] cluster to ZBS1 of p180c using the AutoDock Vina program,*’
the protein crystal structure with PDB: 5EXR,"? and cluster internal coordinates from
the crystal structure with PDB: 5FOQ."? The docking provided the missing structural

information for the system in Figure 1A. Tunneling pathways analysis*®*?

using the
Pathways 1.2 plugin®® for VMD®" followed by inspection of the redox-active protein
residues aided the identification of the potentially fast electron-hopping routes be-
tween the p58c [4Fe4S] cluster and nucleobases in the complexed RNA/DNA (Fig-
ure 3). The calculation of Marcus rate constant (Equation S20) for each CT step in Fig-
ure 3 required knowledge of the pertinent reaction free energy, reorganization (free)
energy, and donor-acceptor electronic coupling.®® The reaction free energy was
derived from the redox potentials of donor and acceptor, which were obtained
from the literature and also derived using Equation S7.2% The missing reduction po-
tentials were obtained from Equation S8, after DFT calculation of the needed ver-
tical electron affinities using the M06-HF,*>* M06-2X,°?** and PBEQ®® hybrid meta
density functionals and the cc-pVTZ basis set. The reorganization energies were ob-
tained from Equations S3, S5,%® S6, and $22. When needed, the effective radius of
the charge donor/acceptor was obtained from Equation S21, after DFT calculation
of the atomic charges. The electronic couplings were evaluated using semiempirical
methods (Equations $9°¢ and $10%°) and gas-phase DFT implementations of Equa-
tion $11°9°7 with the M11 density functional®® and the 6-311g** basis set. The effect
of the protein medium on the gas-phase electronic couplings was introduced
through Equation S16, which was developed exploiting the average packing density
model.>”“° This is to be considered as a zero-order correction for the effect of the
protein on the tunneling barriers and therefore on the electronic couplings calcu-
lated for the gas-phase models. This approach is amenable to future improvements,
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beginning with specific evaluations of the protein average packing densities. How-
ever, refinements of the method are expected to produce variations of the couplings
within the range set, for example, by the comparison of the results from Equation S9
and DFT, and clearly cannot affect any of the conclusions based on the huge differ-
ences between the forward and backward residence times presented in Table 1. The
electronic couplings between the iron-sulfur cluster and redox partners were
computed using Equation S18. The resulting CT rate constants were inserted into
Equation 2 (which is the solution of the kinetic model shown in Figure 4; see the deri-
vation of this equation in Section S6 of Supplemental Information) to obtain the
mean residence times of the charge in the [4Fe4S]-protein system, along the
different CT routes identified in Figure 3. For the case of excess electron transfer,
the maximum rate constant for direct CT from the [4Fe4S]?* cluster to a guanine
was evaluated as detailed in Supplemental Information Section S6, after DFT calcu-
lation of the guanine effective radius and inner-sphere reorganization energy (see
lower panels of Tables S7 and S8).

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information, including
details of the docking of the [4Fe4S] cluster to the p180c protein and on the protein-
nucleic acid complex structure (including a map of the redox-active amino acid resi-
dues); calculation of the CT parameters (free energies and electronic couplings) and
the CT rates for all redox couples involved in the charge transfer between p58c and
the RNA/DNA duplex; an electron tunneling pathway analysis; and the development
of a kinetic model that quantifies the rapidity of the different CT routes.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, six fig-
ures, and eight tables and can be found with this article online at https://doi.org/10.
1016/j.chempr.2018.09.026.
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