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Abstract

The reversible generation and capture of certain electrophilic quinone methide intermediates
support dynamic reactions with DNA that allow for migration and transfer of alkylation and cross-
linking. This reversibility also expands the possible consequences that can be envisioned when
confronted by DNA repair processes and biological machines. To begin testing the response to
such an encounter, quinone methide-based modification of DNA has now been challenged with a
helicase (T7 bacteriophage gene protein four, T7gp4) that promotes 5" to 3" translocation and
unwinding. This model protein was selected based on its widespread application, well
characterized mechanism and detailed structural information. Little over one-half of the cross-
linking generated by a bisfunctional quinone methide remained stable to T7gp4 and did not
suppress its activity. The helicase likely avoids the topological block generated by this fraction of
cross-linking by its ability to shift from single- to double-stranded translocation. The remaining
fraction of cross-linking was destroyed during T7gp4 catalysis. Thus, this helicase is chemically
competent to promote release of the quinone methide from DNA. The ability of T7gp4 to act as a
Brownian ratchet for unwinding DNA may block recapture of the QM intermediate by DNA
during its transient release from a donor strand. Most surprisingly, T7gp4 releases the quinone
methide from both the translocating strand that passes through its central channel and the excluded
strand that was typically unaffected by other lesions. The ability of T7gp4 to reverse the cross-link
formed by the quinone methide does not extend to that formed irreversibly by the nitrogen mustard
mechlorethamine.
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INTRODUCTION

DNA alkylation is a common event in biology and derives from a wide range of processes
that span from intrinsic regulation to extrinsic chemotherapy. The cellular consequences of
such alkylation depend in part on its persistence as a function of repair and innate stability.
Many protective mechanisms exist to minimize undesirable modification of DNA, but a
significant fraction of electrophiles are still able to form adducts with the nucleophilic
centers of DNA. Often, alkylation is the consequence of metabolic activation of xenobiotics
acquired from the environment, food, and medicine. Most of the resulting electrophiles react
irreversibly and hence generate adducts that are static until repaired. Much of our knowledge
on this topic was gained from classic investigations based on benzo[a]pyrene and aflatoxin

exposure. 14

A subset of electrophiles react reversibly on the biological time scale and may
spontaneously migrate between nucleophiles to establish a dynamic array of adducts. This
unusual property has the potential of supporting two diverging consequences. Reversibility
may lead to spontaneous release of an adduct without intervention by the endogenous repair
machinery. Alternatively, reversibility may establish an evolving series of interchangeable
products that create a complex obstacle for detoxification. The array of adducts generated in
this manner may further vary with cellular conditions as well as DNA sequence and
conformation.> For example, malondialdehyde, acrolein, and similar electrophiles have the
potential to equilibrate between numerous products with DNA that is controlled in part by
the variables above.”~® Similarly, diffusible nucleobase adducts can act as carriers and
reservoirs of electrophiles to promote adduct formation in DNA.10 The lifetime of reversible
adducts may even persist after their excision from DNA by subsequently regenerating the
original electrophile for recapture of DNA.

The time-dependent evolution of DNA adducts formed by a natural product Et-743
illustrates another consequence of reversible reaction.1! In this example, the reversibility of
competing adducts dictates the product distribution in a simple model system. This effect is
accentuated by the helicase activity of the SV40 large tumor antigen that promotes release of
only the most labile adduct. In contrast, a stable adduct effectively blocks the helicase from
unwinding duplex DNA. The power of helicases and other biological machines to
redistribute reversible adducts has not been addressed beyond this first intriguing study.
During replication, helicases are the first to encounter lesions and thus may have a profound
influence on subsequent mutation and repair.12-15 Furthermore, helicases are essential for all
organisms.6:17 Although their unwinding function has been extensively characterized,
research has only begun to appreciate their role in resolving protein-DNA interactions and
responding to various lesions.® This article now describes the ability of a helicase to release
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interstrand cross-linking formed by the reversible reaction of a bisfunctional quinone
methide and equivalent alkylation by a monofunctional quinone methide.

Quinone methides (QM) and related species are biologically relevant electrophiles that
alkylate a variety of cellular nucleophiles including the nitrogens of DNA.18-21 These
reactive intermediates are typically formed transiently in vivo by oxidative or reductive
metabolism of xenaobiotics and drugs as illustrated most famously by the food preservative
BHT?22 and the anticancer drugs mitomycin23 and tamoxifen.24 Synthetic QM precursors
(QMP) have been developed for similar activation by oxidation2>26 and reduction,?7:28 as
well as by light,19:29-31 hydrolysis,32-34 desilylation,3:3¢ and other mechanisms (Scheme
1). The highly reversible nature of certain QM-DNA conjugates also allows for generation of
self-adducts that have been used to cross-link DNA at selected sequences without the need
of an external signal.37-39 Similarly, a bisfunctional QMP conjugated to acridine (bisQMP,
Scheme 1) forms dynamic intrastrand cross-links that easily transform to interstrand cross-
links (Scheme 2).40 Although interstrand cross-links produced by this bisQMP did not
appear to migrate between sites within a duplex, a subsequent conjugate that facilitated QM
formation and extended its short lifetime was capable of migration within individual
duplexes.2041 This feat was likely achieved by a random walk sustained by the continual
regeneration of QMs and their diffusion to neighboring nucleophiles. Within a cell, this
stochastic process has the potential to be guided by the vectorial nature of biological
machines acting on DNA. The current study tested the ability of a helicase to perturb the
dynamic partitioning of the original bisQMP.

The potential consequences of challenging a reversible cross-link with a helicase are
manyfold. To begin identifying the possibilities, the helicase domain of the bacteriophage T7
gene 4 protein (T7gp4) was selected based on the plethora of catalytic and structural
information available.#2-46 T7gp4 is a homohexamer that surrounds and travels along one
strand of a duplex (the translocation strand) and excludes the complementary strand from its
center. DNA is unwound in the 5" to 3" direction with concomitant hydrolysis of dTTP in a
mechanism that has been described as a Brownian ratchet.#”-4% Accordingly, strand
dissociation is not driven by destabilization of the duplex but rather by capture of single-
stranded residues as they become available through natural breathing of base pairs.
Accordingly, unwinding efficiency decreases as duplex stability (G/C content) increases.
50.51 The most recent structural analysis indicates that the hexamer forms a spiral lock
washer that advances two nucleobases at a time in a “hand-over-hand” mechanism.#® The
helicase may also promote transfer of the cross-link by this same process after spontaneous
regeneration of the QM intermediate. Subsequent transfer back to DNA could result in
vectorial migration of the cross-link. Alternatively, transfer of the QM to protein could
generate protein-DNA cross-links and transfer to water, as described below, could release
the cross-link from DNA. Such a release was not observed for cross-links formed
irreversibly by the nitrogen mustard mechlorethamine.
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RESULTS AND DISCUSSION

T7gp4.

Most DNA cross-links investigated to date form irreversibly and create predictable obstacles
to biological machines.52 In contrast, obstacles generated by dynamic cross-linking are far
from predictable since their product profile may evolve with changing environment and
DNA conformation. The effect of a biological machine on such a system has received little
attention. For the initial foray into this problem, the hexameric ring helicase T7gp4 was
selected due to its possible persistence at cross-links generated by bisQMP. Two previous
reports had already suggested that T7gp4 could be trapped at a stable DNA adduct formed
by benzo[a]pyrene for sufficient time to experience the reversibility of cross-linking by
bisQMP.53:54 Stalling and slow dissociation of T7gp4 was also previously observed with a
protein—-DNA adduct.%® For simplicity, focus was further narrowed to the helicase function
by heterologous expression of T7gp4 lacking its primase domain.56-59 Activity is easily
assayed using well-defined oligonucleotide models of a replication fork. For this, the
translocation strand contains a (T),, extension on its 5'-terminus (OD1) and the excluded
strand contains a (T),;, extension on its 3" terminus (0D2).60 A standard duplex derived from
the Richardson laboratory81 provided a positive control for DNA unwinding by T7gp4 in the
presence of its preferred triphosphate dTTP using native polyacrylamide gel electrophoresis
(PAGE; see the Supporting Information, Figure S1).

Cross-Linking a Model Replication Fork.

Use of poly(T) sequences for mimicking the single-stranded regions of a replication fork is
convenient for the studies below since these avoid complications that could have arisen from
alkylation or cross-linking of the single-stranded regions. Thymine residues are not
sufficiently nucleophilic to react with bisQMP and thus modification is limited to the duplex
regions.52 Standard treatment of OD1:0D2 with bisQMP (250 M) for 2 h and subsequent
removal of excess bisQMP and its hydrolysis products yielded the expected cross-link. This
is evident by the product’s low mobility relative to single-stranded DNA on denaturing
PAGE (Figure 1).53 These conditions represent the minimum necessary to provide the cross-
linked duplex without excess modification. As described previously,53 the major site of
reaction is guanine N7 as evident from lability to piperidine treatment (10%, 90 °C; Figure
$2).41.63 Reaction also likely occurs at adenine N1 and cytosine N3 since these are targets of
the simple unconjugated QM. Strands rich in guanine and thymine are still capable of cross-
linking with their complementary strands rich in adenine and cytosine.#0:62 Thus, the sites of
cross-linking may be heterogeneous but all sites maintain the reversibility of QM reaction
since all cross-linking can be transferred between strands in an exchange process described
previously.4041 Further characterization of the cross-linked DNA was not attempted since
the analytical protocols to identify sites of modification have the potential to perturb the
profile of products originally present during incubation with T7gp4.62.64

Release of a Reversible Cross-Link.

Many scenarios were possible after confrontation between the bisQM cross-link and the
hexameric helicase T7gp4 as summarized in Scheme 3. If QM regeneration was slow
relative to T7gp4 turnover, then a stalled complex could form as noted earlier for
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benzo[a]pyrene adducts.53>* Dissociation of the helicase from the cross-link was also
possible since T7gp4 can shift from single- to double-stranded translocation.> Alternatively,
if QM regeneration is concurrent with T7gp4 translocation three additional results were
possible. Trapping of this intermediate with water could release the cross-link. Trapping
with DNA could promote cross-link migration and finally trapping with T7gp4 could lead to
protein~-DNA cross-linking. Each of these possibilities is considered below. To begin, T7gp4
does not appear to facilitate trapping of the regenerated QM by DNA or at least not to force
migration away from the replication fork. This would have been evident from a decrease of
guanine N7 adducts in the wake of the helicase and a corresponding increase of these
adducts preceding DNA unwinding. No such vectorial redistribution of adducts was evident
after incubating OD1:[32P]-OD2 in the presence of dTTP and T7gp4 and monitoring the
adducts by piperidine treatment (Figure S2). Analysis of either strand was considered
sufficient since migration of a cross-link necessarily involves both strands. Moreover, the
helicase is shown to process adducts of each helical strand equivalently as described below.

The helicase most notably promotes release of the QM cross-link as evident by the time-
dependent formation of single-stranded [32P]-OD1 in the combined presence of T7gp4 and
dTTP (Figure 1). In contrast, little single-stranded DNA was released by hydrolysis in the
presence of either dTTP or T7gp4. Thus, this helicase is chemically competent to release the
covalent and reversible cross-link although conversion to single-stranded DNA was not
complete. Only 35-40% of the cross-links were reversed when added in a slight excess (8%)
over the concentration of the active T7gp hexamer (Figure 1C). As expected, equivalent
results were observed when the excluded strand (OD2) rather than the translocated strand
(OD1) had been labeled (Figure S3). No equivalent release has yet been observed for
irreversible modification based on alkylation or photodimerization.13:54.55

A broad range of phenomena were interrogated as possible sources for the heterogeneous
response of T7gp4. Partial release of cross-linking was not a function of intercalation by the
9-aminoacridine appendage linked to the bisfunctional QMP. Treatment of OD1/[32P]-OD2
with this acridine moiety rather than its bisQMP conjugate did not inhibit or limit the
helicase activity of T7gp4 as evident from a standard uwinding assay monitored by native
PAGE (Figure S4). Similarly, partial release of the cross-link was not a function of DNA
sequence. Approximately 35-40% of the cross-linking by bisQMP was also released from a
second replication fork model (OD3:0D4) that differed in sequence from OD1:0D2. This
alternative is based on a guanine-rich duplex that had previously been shown to support
spontaneous cross-link migration of a related bisfunctional QMP (Figure S5).41 Again,
release of cross-linking required the combined presence of T7gp4 and dTTP and was
independent of which strand was monitored by radiolabeling (Figure S6). Common to these
sequences is the ability to make a preponderance of guanine N7-adenine N1 and guanine
N7-cytosine N3 cross-links. The former is expected to be significantly more labile than the
latter by extrapolation from previous studies on alkylation of nucleosides by a related QM.53
Thus, the heterogeneous response of T7gp4 likely reflects a differential lability of cross-link
products.

The limited release of cross-linking was not a function of turnover inactivation or substrate
depletion. Supplementing the standard assay above with additional T7gp4 and dTTP alone
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or together after the initial 30 min did not promote further release of cross-linking beyond
that caused spontaneous hydrolysis during a second 30 min incubation (Figures 2, S7, and
S8). Extended incubation for another 3 also did not affect the fraction of remaining cross-
link. Thus, the stable adducts persisted without change during this period and similarly the
released strands did not regenerate cross-linking. This latter result would have been possible
if helicase had promoted conversion of an inter- to intrastrand cross-link. The intrastrand
product was already known preserve the dynamic reactivity of QMs for subsequent
regeneration of interstrand cross-linking (Scheme 2).40

Resistance of an Irreversible Cross-Link.

T7gp4 has been challenged by DNA containing adducts formed by activated metabolites®
and proteins®® as well as by other lesions such as cyclopyrimidine dimers!3 and abasic sites,
65 there is a paucity of investigations on interstrand cross-links. The lack of attention to this
may be blamed on obviousness of the expected response. There is no precedence for T7gp4
to promote cleavage of covalent bonds within DNA or its derivatives and thus irreversible
cross-links should remain inert to unwinding and release. However, this prediction now
required confirmation since T7gp4 was capable of dissociating a reversible cross-link
formed by bisQMP. Accordingly, OD3:0D4 was treated with the nitrogen mustard
mechlorethamine to form its well characterized and irreversible cross-link of guanine N7 in
duplex DNA.66:67 Note that this common cross-linking reagent is not efficient when
compared to that bisQMP. A maximum of ~60% interstrand cross-linking was achieved
when the DNA was treated with 5 mM mechlorethamine as is evident by the low mobility
species from denaturing PAGE (Figures 3 and S9). In contrast, 100% interstrand cross-
linking was achieved with only 250 ¢M of bisQMP (Figures 1 and S5). Incubation of the
mechlorethamine-treated OD3:0D4 with dTTP, T7gp4, or their combination did not change
the fraction of cross-linking. Thus, T7gp4 promoted release of the cross-link formed
bisQMP is not common to other adducts and is likely dependent on the reversibility of QM
formation and subsequent alkylation.40.41.68

Reversible Cross-Links Formed by bisQMP Do Not Trap T7gp4.

A bulky adduct formed by a metabolite of benzo[a]pyrene and located on the translocating
strand sequestered the helicase in a stable complex with dTTP.53 Similarly, adducts formed
by proteins of greater than 14 kDa also sequestered T7gp4 in a complex when located on the
translocating strand.>® In contrast, a small perturbation formed by a cyclopyrimidine dimer
in the translocating strand did not stall T7gp413 while an abasic site elicited a heterogeneous
response ranging from no interference of unwinding to stalling or dissociating T7gp4
alternatively.% The inability of a supplementary aliquot of T7gp4 to drive additional release
of cross-links formed by bisQMP (Figure 2) suggested that this reaction was not limited by
active enzyme. Thus, the cross-link did not likely sequester or inactivate the helicase by
stable association through either covalent or noncovalent interactions. Although protein—
DNA cross-linking was considered as a possible consequence of QM regeneration (Scheme
3), no evidence supported such transfer to T7gp4. The resulting product of this reaction
would have been apparent by its limited electrophoretic mobility similar to that observed
previously from treatment of a nucleosome core particle with bisQMP.5% No such species

Chem Res Toxicol. Author manuscript; available in PMC 2021 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Byrne and Rokita

Page 7

was detected by denaturing PAGE after incubation of T7gp4, dTTP, and DNA containing a
bisQMP-generated cross-link (for example, see Figure 1).

Stable complexation of T7gp4 by noncovalent association with a bisQMP cross-link was
similarly unlikely. No loss of T7gp4 activity was noticeable after preincubation with dTTP
and the cross-linked OD3:0D4 (Figure S10). Under these conditions, the helicase had the
opportunity to translocate to the cross-link and form a ternary complex with dTTP similar to
that formed by DNA containing the benzo[a]pyrene adduct.>3 In the absence of dTTP,
T7gp4 would remain independent of the DNA and act as a control for the maximum helicase
activity available without sequestration. Cross-link release from OD3:0D4 was
experimentally equivalent after preincubation in the presence and absence of dTTP. Thus,
T7gp4 dissociation is likely when encountering a DNA cross-link formed by bisQMP
(Scheme 3). Escape is possible by slippage of T7gp4 as observed by others during
unwinding of DNA under low dTTP concentrations or when dTTP was replaced by ATP.
5170 However, the high concentration of dTTP in the current experiments is expected to
minimize this possibility. More likely, T7gp4 switches from tracking on a single strand of
DNA to tracking on a double strand of DNA and ultimately dissociating from the duplex
terminus.®C Previously, such switching was observed to increase when the duplex was
stabilized by high G/C content.?0 Cross-linking offers the ultimate stability for duplex DNA
and likely induces a similar switch to double-stranded translocation. Another hexameric ring
helicase DnaB also demonstrated the ability to translocate past an interstrand DNA cross-
link.”X This switch is likely responsible in part for the heterogeneous response of T7gp4 to
the cross-links formed by bisQMP (Figure 1). Only the most dynamic cross-links may be
processed by T7gp4 prior to its switch to duplex translocation. The remaining fraction of
cross-links that regenerate their QM intermediate more slowly may miss the opportunity to
be diverted by T7gp4.

Strand Specificity of QM Release by T7gp4.

In principle, a single release of the QM from either the translocated or excluded strand is
sufficient to break cross-linking (for example, Figures 1, S3, S5, and S6). However, T7gp4
has previously been shown to respond to only modifications encountered on the translocated
strand since this must weave through the central channel created by its homohexamer,13:54.55
In contrast, little perturbation is caused by equivalent modification on the excluded strand.
By extrapolation, loss of the QM could be expected from the translocated strand to a much
greater extent than the excluded strand. To test this possible dichotomy, OD3:0D4 was
alkylated with a monofunctional analogue of bisQMP that contained only one site for
generating a QM (monoQMP, Scheme 1 and Figure 4A).72 Alkylation of OD3 after
treatment with monoQMP was evident from the change in electrophoretic migration under
denaturing conditions (Figure 4B). Incubation of this alkylated duplex with T7gp4 and dTTP
under standard conditions released ~50% of the QM to regain a mobility of the original
parent OD3 (Figure 4C). This is comparable to or perhaps a little more efficient than the
release of the corresponding cross-link (Figure 1). Analogous to the release of cross-links,
release of alkylation was not observed in the absence of either T7gp4 or dTTP and was
limited to a fraction of the initial population. As described above this heterogeneous
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response is likely due to competition between T7gp4 translocation and QM regeneration
during association with T7gp4 (Scheme 3).

Surprisingly, equivalent release of DNA alkylation was detected from labeled OD4, the
excluded strand, after incubating the alkylated OD3:0D4 duplex with T7gp4 and dTTP
(Figure S11). Electrophoretic characterization of OD4 was complicated by its high guanine
content but time-dependent regeneration of the parent sequence was still confirmed
qualitatively. Thus, the helicase was equally competent to promote loss of adducts formed
between the QM intermediate and both the translocated and excluded strands of DNA. The
conformational constraints of DNA cross-linking were not required to stall T7gp4 for
sufficient time to participate in the dynamic partitioning of the QM adducts. Moreover,
adducts formed by monoQMP likely represent only a minimal barrier for T7gp4 since they
are significantly smaller than many of the protein adducts that were accommodated within
the central channel of T7gp4.5% Even less perturbation of T7gp4 can be expected for
modifications on the excluded strand.13:54:55 still, the alkylation products of monoQMP
were released from both DNA strands under equivalent conditions used to observe release of
cross-links.

Alkylation of DNA with monoQMP also provided an important electophoretic standard for
characterizing the products formed after release of the cross-link by T7gp4. Arguments
based on simplicity would contend that only a single attachment of the cross-link would be
lost during release of the DNA strands (Scheme 3). However, the ability of T7gp4 to remove
adducts of monoQMP from both the translocated and excluded strands suggests an
additional possibility of regenerating both original parent strands and full release of the
cross-link. By denaturing gel electrophoresis, [32P]-OD4 was clearly regenerated by T7gp4
after release from the cross-linked OD3:[32P]-OD4 and no detectable level of the
monoalkylated derivative of [32P]-OD4 was observed (Figure S12). Our focus on OD4, the
excluded strand in the model replication fork, was selected since it was least expected to be
influenced by the helicase. If release had resulted from a statistical loss of just one
attachment from either OD4 or OD3, a mixture of [32P]-OD4 and its alkylated derivative
should have been evident. The absence of the alkylated intermediate suggests that release of
the cross-link from both strands was promoted by T7gp4 in rapid succession. A subsequent
and nonenzymatic release of a monoadduct is too slow to account for regeneration of the
parent strand as illustrated by the persistence of the monoadducts in Figure 4.

The QM intermediate regenerated from monoQMP alkylation of duplex DNA was
previously shown to diffuse into solution despite the presence of the attached acridine for
stabilizing DNA association.”2 Once this intermediate escapes the confines of DNA, it can
be quenched by water to form its benzyl alcohol derivative that is no longer capable of
regenerating a QM under neutral conditions.58 Although regeneration of the monofunctional
QM is not likely promoted by T7gp4, subsequent release of this intermediate into solvent is
likely facilitated by the unwinding of DNA by T7gp4. Release of the cross-link requires
more than dissociation of the transient QM intermediate since it remains covalently
anchored to one strand (Scheme 3). The bisQMP is capable of tandem and not concurrent
formation of QM intermediates, and thus, the cross-link cannot be expelled from DNA in a
concerted manner. Instead, quenching or migration of the QM is a stepwise process.*041 In
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the absence of T7gp4, the transient QM formed from a cross-link typically rebounds very
efficiently within the DNA to restore cross-linking. Prior attempts to quench this QM
intermediate within duplex DNA had limited success even after addition of the highly
nucleophilic 2-mercaptoethanol in significant excess (3 mM).37:68 However, the ability of
T7gp4 to act as a Brownian ratchet may capture DNA as it is released after QM
regeneration. T7gp4 may also subsequently suppress return of the DNA for cross-linking
and facilitate water addition to quench the transient QM intermediate. T7gp4 must then
ultimately hold the strand containing the remaining QM equivalent in a position that favors
quenching of the second QM equivalent when it next forms spontaneously (Scheme 4).

Deglycosylation Is Not Responsible for Release of DNA Adducts.

Deglycosylation of the nucleobases modified by bisQMP presents an alternative mechanism
for release of cross-linking induced by T7gp4. Although T7gp4 is not known to catalyze
deglycosylation, alkylation at such sites as the N7 of guanine greatly facilitates
deglycosylation. Such a process is the basis for Maxam-Gilbert sequencing of guanine and
is now used frequently for footprinting nucleic acid structures. Guanine N7 is also a
predominant target of modification by bisQMP83 and a nucleoside model system suggested
an adduct at guanine N7 equally partitions between QM regeneration and deglycosylation.52
DNA alkylation by the monofunctional monoQMP induces deglycosylation as well although
this was observed only after incubation times (h) much greater than those reported here
(min).”2 The potential for deglycosylation to release a QM adduct was examined by the
ability of human apurinic/apyrimidinic endonuclease (APE1) to hydrolyze OD3:0D4 after
treatment with monoQMP. No fragmentation of the labeled OD4 was detected after the
alkylated duplex of OD3:0D4 was incubated at 37 °C for 30 min in the presence or absence
of T7gp4 and dTTP prior to treatment with APEL. In contrast, fragmentation of a control
sequence containing an abasic site was readily apparent under these conditions (Figure S13).
Fragmentation was also observed after the incubation was treated with piperidine to confirm
modification at guanine N7. Thus, there is no evidence to suggest that adducts are released
by deglycosylation. The dynamic nature of QM alkylation and regeneration remains the
most likely source of the T7gp4-dependent loss of cross-linking. Confrontation between this
helicase and the dynamic products of the QMs has now demonstrated only two of the many
possible responses: (i) release of QM adduct and (ii) dissociation of T7gp4 from the
replication forks (Schemes 3 and 4).

CONCLUSION

The ultimate consequences of reversible covalent modification of DNA are likely dictated by
the myriad of enzymes that confront such lesions in vivo. Many of these enzymes represent
biological machines that translocate along DNA in a single direction while consuming
energy. The helicase T7gp4 engages with the reversible reactions of bisQMP to alter cross-
linking of DNA. This protein is a member of a large family of biological machines that
forms ring structures and hydrolyzes nucleotide triphosphates to drive activities ranging
from protein unfolding to nucleic translocation and unwinding.*®> Although a small majority
of QM-based products remained unaffected by unwinding and translocation, a significant
fraction of the reversible cross-linking and alkylation was released by T7gp4 in an energy

Chem Res Toxicol. Author manuscript; available in PMC 2021 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Byrne and Rokita

Page 10

dependent (dTTP) manner. The ability of this helicase to unwind DNA as a Brownian ratchet
and trap adjacent nucleobases after spontaneous breathing of the base pairs may be similarly
applicable to strands transiently released after spontaneous QM generation (Scheme 4).47-49
This process can block a rebound reaction with DNA and leave the transient QM exposed
for quenching by water. This result is quite distinct from its response to stable DNA adducts
that remain unchanged when blocking or passing through the helicase channel.13:53-55.65
Most unusual is the ability of T7gp4 to promote loss of reversible adducts from both the
translocated and excluded strand. DNA adducts on the excluded strand, whether large or
small, typically do not perturb the unwinding activity of this helicase even though
interactions between the excluded strand and T7gp4 are possible in the absence of an
associated DNA polymerase.#6:61 Incorporating this polymerase and the primase domain of
T7gp4 into future studies on cross-link release will provide a useful prelude to further
analysis of the more complex hexameric helicases from eukaryotes that act at replication
forks. The potential for helicases associated with human disease to release reversible adducts
remains to be determined as well. The potential for these helicases and, more generally,
other biological machines to act similarly will likely be predicated on the relative kinetics of
translocation and lesion reversibility.

EXPERIMENTAL SECTION

General Procedures.

The cross-linking agent bisQMP was prepared as described previously53 and the alkylating
reagent monoQMP was a gift from Blessing Deeyaa.’? The plasmid harboring the gene for
the 56 kDa fragment of T7gp4 was a gift of Prof. Charles Richardson and this construct was
expressed and purified based on procedures published previously.? Oligonucleotides were
synthesized and desalted by Integrated DNA Technologies (IDT). These were further
purified by PAGE and radiolabeled as indicated with 3-[32P]-ATP (PerkinElmer) following
manufacturer protocols. Complementary oligonucleotides were hybridized by heating at 95
°C for 5 min, followed by slow cooling to room temperature over 2 h. A Typhoon 9410
phosphorimager equipped with ImageQuant TL software was used to detect and quantify
radiolabeled materials. Product yields are reported (%) relative to total material labeled in
each determination. Oligonucleotide concentration was calculated from absorbance at 260
nm and the extinction coefficients provided by the manufacturer. Protein concentration was
determined by a Bradford assay (Bio-Rad).

Cross-Linking and Alkylation of Duplex DNA with the Quinone Methide Reagents.

Equimolar concentrations of oligonucleotides were annealed in MES (10 mM pH 7) and
NaF (50 mM). Reaction was initiated by addition of the appropriate bisQMP (250 xM unless
stated otherwise) or monoQMP (250 gM unless stated otherwise) in acetonitrile (20% final
concentration) under ambient conditions for 2 h. Excess reagent and its low molecular
weight products were removed by passing the reaction mixtures through a Bio-Rad P6Micro
Bio-Spin column (1000 g, 4 min). The eluant was stored at =20 °C until use.
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Cross-Linking Duplex DNA with Mechlorethamine.

OD3 and OD4 (300 nM each) were annealed in potassium phosphate (40 mM, pH 8) and
NaCl (10 mM). The reaction was initiated by addition of a fresh solution of
mechlorethamine (5 mM final concentration) in potassium phosphate (40 mM, pH 8) and
NaCl (10 mM). The reaction was maintained at 37 °C for 3 h, and excess reagent and its low
molecular weight products were removed as described above with a Bio-Rad P6Micro Bio-
Spin column. The eluant was stored at —20 °C until use.

DNA Unwinding by T7gp4.

61 Cross-linked and alkylated DNA (10 nM) was combined with dTTP (1 mM) in Tris-HCI
(40 mM, pH 7.5), MgCl, (10 mM), and potassium glutamate (50 mM) before reaction was
initiated by addition of T7gp4 (55 nM monomer) in potassium phosphate (20 mM pH 7.5)
and 50% glycerol. Samples were incubated at 37 °C and quenched at the indicated times
with EDTA (40 mM) and formamide loading dye before freezing with dry ice. Samples were
then thawed at room temperature for 5 min and analyzed by denaturing PAGE (10%).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Unwinding DNA and release of a reversible interstrand cross-link. (A) A replication fork

model (5’-[32P]-OD1:0D2, 10 nM) containing an interstrand cross-link formed by bisQMP
and a radiolabel on the translocated strand was incubated in the alternative and combined
presence of T7gp4 (55 nM monomer) and dTTP (1 mM). (B) After incubation at 37 °C for
the indicated time, reaction was quenched by addition of EDTA (40 mM) and analyzed by
denaturing polyacrylamide gel electrophoresis (PAGE, 10%). As electrophoretic standards,
lane ss contains only 5’-[32P]-OD1 and lane xI contains 5’-[32P]-OD1:0D2 cross-linked by
bisQMP. (C) The remaining cross-link (% based on total radiolabel) was determined by
phosphoimagery in three replicates and their average values are indicated by the cross-bars.
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Figure 2.

Supplementing conditions after initial unwinding of DNA containing a reversible interstrand
cross-link. (A) A second replication fork model (OD3:5’-[32P]-OD4, 10 nM) containing a
cross-link formed by bisQMP and a radiolabel on the excluded strand was incubated as
described in Figure 1 for 30 min before supplementing with another aliquot of either T7gp4
(55 nM monomer) or dTTP (1 mM). Incubations were continued at 37 °C for the indicated
times and then quenched with EDTA (40 mM). (B) Reaction products were detected after
separation by denaturing PAGE (10%) and quantified relative to total radiolabel (%). Data
represent three replicates and average values are indicated by the cross-bars. The control
entitled spontaneous hydrolysis contained no T7gp4 or dTTP throughout the incubations and
that entitled no supplement contained the standard concentrations of T7gp4 and dTTP in the
initial incubation but no additional T7gp4 or dTTP in the subsequent incubation.
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Figure 3.

Challenging T7gp4 with an irreversible cross-link. (A) The replication fork model (OD3:5’-
[32P]-OD4) containing a cross-link formed by mechlorethamine and a radiolabel on the
excluded strand was treated in the alternative and combined presence of T7gp4 and dTTP as
described in Figure 1. (B) Reaction products were detected after separation by denaturing
PAGE (10%) and quantified relative to total radiolabel (%). Data represent three replicates
and average values are indicated by the cross-bars.
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Figure 4.

Unwinding DNA and release of a reversible DNA adduct. (A) A model replication fork
(5"-[32P]-OD3:0D4, 10 nM) containing reversible adducts formed by monoQMP and a
radiolabel on the translocated strand was incubated in the alternative and combined presence
of T7gp4 (55 nM monomer) and dTTP (1 mM). (B) After incubation at 37 °C for the
indicated time, reaction was quenched by addition of EDTA (40 mM) and analyzed by
denaturing PAGE (10%). As electrophoretic standards, lane ss contains only 5’-[32P]-OD3
and lane alk contains OD3 after treatment with monoQMP. (C) The remaining cross-link (%
based on total radiolabel) was measured by phosphoimagery in three replicates and their
average values are indicated by the cross-bars.
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Scheme 1.
(A) Quinone Methide Deprotection, Generation, and Reversible Reaction with DNA and (B)

Bifunctional and Monofunctional Quinone Methide Precursors
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Scheme 2.
Dynamic Migration of Intra- and Interstrand Cross-Linking by a Bisfunctional and
Reversible QM
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Scheme 3.

Confrontation between a Helicase and a Reversible Cross-Link May Have Varied

Consequences
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Reversible Alkylation May Persist or Release during DNA Unwinding
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