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Abstract

To avoid genome instability, DNA repair nucleases must precisely target the correct damaged
substrate before they are licensed to incise. Damage identification is a challenge for all DNA
damage response proteins, but especially for nucleases that cut the DNA and necessarily create a
cleaved DNA repair intermediate, likely more toxic than the initial damage. How do these
enzymes achieve exquisite specificity without specific sequence recognition or, in some cases,
without a non-canonical DNA nucleotide? Combined structural, biochemical, and biological
analyses of repair nucleases are revealing their molecular tools for damage verification and
safeguarding against inadvertent incision. Surprisingly, these enzymes also often act on RNA,
which deserves more attention. Here, we review protein-DNA structures for nucleases involved in
replication, base excision repair, mismatch repair, double strand break repair (DSBR), and
telomere maintenance: apurinic/apyrimidinic endonuclease 1 (APE1), Endonuclease 1V (Nfo),
tyrosyl DNA phosphodiesterase (TDP2), UV Damage endonuclease (UVDE), very short patch
repair endonuclease (Vsr), Endonuclease V (Nfi), Flap endonuclease 1 (FEN1), exonuclease 1
(Exo0l1), RNase T and Meiotic recombination 11 (Mrell). DNA and RNA structure-sensing
nucleases are essential to life with roles in DNA replication, repair, and transcription. Increasingly
these enzymes are employed as advanced tools for synthetic biology and as targets for cancer
prognosis and interventions. Currently their structural biology is most fully illuminated for DNA
repair, which is also essential to life. How DNA repair enzymes maintain genome fidelity is one of
the DNA double helix secrets missed by Watson-Crick, that is only now being illuminated though
structural biology and mutational analyses. Structures reveal motifs for repair nucleases and
mechanisms whereby these enzymes follow the old carpenter adage: measure twice, cut once.
Furthermore, to measure twice these nucleases act as molecular level transformers that typically
reshape the DNA and sometimes themselves to achieve extraordinary specificity and efficiency.
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1. Introduction

The discovery of the double helix transformed biology and opened the doors for molecular
biology and the field of genetics. However, DNA repair was not considered. Francis Crick
wrote in 1974, “We totally missed the possible role of enzymes in repair although due to
Claud Rupert’s early very elegant work on photoreactivation, | later came to realize that
DNA is so precious that probably many distinct repair mechanisms would exist.” [1]. DNA
nucleases are essential players in DNA repair. For DNA, nucleases are a necessary evil.
DNA damage needs to be trimmed off or removed, and this removal needs to be done both
efficiently and accurately. Small errors in the substrate recognition or location of the
incision can be deleterious to the cell and cause genomic instability. This review examines
how nucleases ensure not only they have bound the correct substrate, but also that they do
not bind and cut the wrong substrate. Here, we focus on DNA repair phosphoesterases that
leave a 5’ phosphate and a 3’ hydroxyl suitable for polymerase extension and ligation. In
particular, we analyze those whose structures have been determined with substrate and/or
product DNA: apurinic/apyrimidinic endonuclease 1 (APE1), Endonuclease 1V (Nfo),
tyrosyl DNA phosphodiesterase (TDP2), UV Damage endonuclease (UVDE), very short
patch repair endonuclease (Vsr), Endonuclease V (Nfi), Flap endonuclease 1 (FEN1),
exonuclease 1 (Exol), RNase T and Meiotic recombination 11 (Mrell). There is now a
sufficient number of enzymes meeting this criteria that useful insights emerge, and these
insights have general importance. For the eukaryotic enzymes, we also include an
examination of motifs that can be used to identify mechanistically similar nucleases. These
enzymes are central to cell biology: they act in replication, base excision repair (BER),
mismatch repair (MMR) double strand break repair (DSBR), and telomere maintenance.
Furthermore they are increasingly found to act on RNA as well as DNA, and these activities
may well be important as well.

Some of these nucleases are endonucleases that make a single cut within the DNA and some
are exonucleases that processively cut from a DNA end, but some fall into both categories.
The “restriction nuclease” discovered by Stuart Linn and Werner Arber [2, 3] provided
breakthroughs in genetics because they provided enzymatic tools needed to “cut and paste”
DNA molecules. Their specificity was based upon methylation or specific sequences, and
thus they are site-specific nucleases. For damaged DNA, the discoveries of nucleotide
excision repair and transcription-coupled repair pioneered by Phil Hanawalt and others
sparked a dramatic evolution in our understanding of DNA and molecular biology by
revealing the intriguing systems of DNA repair essential to life plus sets of nucleases needed
for the cut-and-patch repair that are specific to DNA structure rather than sequence [4-8].
Thus, DNA damage repair nucleases have a different challenge than restriction nucleases
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with targeted sequences for incision. Although some recognize a modified base or phosphate
backbone, others must recognize their substrates containing canonical nucleotides in an
aberrant structure. The structure-specific nucleases in this review therefore provide a
paradox of both extreme specificity and the lack of any sequence dependence with broad
implications. For biotechnology, they can provide powerful tools to probe and modify DNA
structure, as seen for FEN1 [9, 10]. Biochemically, if misregulated, they would destroy the
integrity of genomic information. Biologically, they are necessary to preserving genome
integrity and life itself.

How are these nucleases regulated? What is the basis for their exquisite specificity?
Nuclease cutting is a committed step and thus tightly regulated. Structural biology provides
key knowledge to address specificity questions and to contribute to a more complete and
detailed understanding of their activities and biological functions. Particularly for these
nucleases, structures furthermore provide detailed and rigorous information with which all
other data should be reconciled and that often allows the integration of biochemical and
genetic results. Examining the existing structures provides a basis to design mutants and
inhibitors for separation of functions as seen for Mrell [11, 12]. Yet, structures provide key
knowledge not only to design mutations and inhibitors but also to interpret the impact of
disease-causing mutations, as seen for XPD helicase [13], and the likelihood that
polymorphisms may impact risks. As we come to understand DNA repair networks as more
accurate than classical linear pathway concepts, we wish to control pathway choice and
network crosstalk and interactions for biology and medicine. A detailed structural and
mechanistic understanding of structure-specific nucleases, which is the focus of this review,
is key to this goal. Increasingly we are finding that repair nuclease function requires changes
in protein and DNA architecture that impacts binding, activity, and partner recruitment.
Furthermore, flexible components (intrinsically unstructured regions) reshape or fold
themselves in the presence of target DNA, as shown for FEN1 and its family members such
as XPG [14-17]. In essence these nucleases behave like molecular level transformers that
can rebuild themselves by sometimes altering their protein conformations and typically
sculpting the DNA to control both their specificity and efficiency functions. This knowledge
suggests we need to re-think our understanding and the classic lock and key concept of how
interactions, specificity, and activity are regulated with implications for inhibitor design.

2. Cell biology of DNA repair nucleases and increasing role as therapeutic

targets

DNA repair nucleases permeate every DNA repair and processing pathway and are essential
to the cell (Fig. 1). Damaged DNA can form spontaneously from endogenous metabolic
sources, exogenously by DNA damaging agents (chemicals, radiation), or are intermediates
from other repair or DNA processing enzymes. Damaged DNA must be incised from the
DNA strand to prevent errors in coding or regulatory regions, to prevent mutations during
replication, and to maintain genomic stability. Additionally, damaged DNA can often arrest
RNA polymerase, setting the cell on a path towards apoptosis [18]. Thus, nucleases play a
crucial role in removing the damaged DNA.

DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tsutakawa et al.

Page 4

Many DNA repair nucleases are essential for the cell. Homozygous null mutations are often
cellular or embryonic lethal. Single site mutations are associated with increased risk for
cancer, ageing, and neurological diseases. Once cancer has occurred, these enzymes may
become upregulated and provide cancer cells resistance to DNA damaging treatments such
as chemotherapy and radiation treatments. Thus, many of these nucleases have become
targets for developing inhibitors that can lead to sensitizing cancer cells to DNA damaging
treatments. Three DNA repair nucleases, APE1, TDP2, and FEN1, which have been
particularly well-studied, will be reviewed as typifying examples.

Apurinic/apyrimidinic endonuclease 1 (APEL) acts on abasic sites that form spontaneously
or are repair intermediates from BER glycosylases [19-24]. It is estimated that as many as
10,000 abasic sites are formed in one cell, each day in humans [25]. APE1 null mice are
embroynic lethal [22, 26, 27], and heterozygous mice showed increased tumor susceptibility
[28]. In humans, some APE1 mutations have been associated with amyotrophic lateral
sclerosis (ALS) [29, 30] and endometrial cancers [31]. On the flip side, APE1 activity gives
cells increased survival after radiation, oxidative stress, and chemotherapy, making it a drug
target; down-regulation of APE1 can lead to increased sensitivity of tumor cells to various
cancer treatments, reviewed in [19, 23, 32-34].

The duality of nucleases both preventing cancer, but also sustaining cancer once it has
started is also true for FEN1. FEN1 incises 5’ flaps during lagging strand replication.
Theoretically, there are as many as 50 million Okazaki fragments during each S1 phase in
each cell. FEN1 must be efficient and absolutely precise in its incision. FEN1 can modulate
CAG repeat expansion, and nuclease-deficient FEN1 blocks Rad51/BRCA1-mediated repair
and causes trinucleotide repeat instability [35, 36]. FEN1 has been linked to genetic
diseases, such as myotonic dystrophy, Huntington’s disease, several ataxias, and fragile X
syndrome [37-40]. FEN1 mutants are also associated with liver, lung, gastrointestinal,
melanoma and esophageal cancer [41-43]. A nuclease-defective FEN1 mouse model
exhibited spontaneous mutations, chronic inflammation, autoimmune issues, and cancer [44,
45]. FENL1 is normally silenced in differentiated cells [46, 47], but FEN1 overexpression is
associated with breast, uterine, kidney, ovarian, and colon cancers as well as pancreatic
adenocarcinoma, glioblastoma and astrocystoma tumors [48-52]. As reducing FEN1 by
RNA. kills tumor cells in vitro, FEN1 is a priority pharmaceutical target.

Related structurally to APE1, TDP2 is an interesting nuclease among DNA repair nucleases.
It incises peptides covalently bound to the 5’ phosphate of DNA through a tyrosyl linkage.
These DNA adducts are formed as failed topoisomerase type 1A and IlA intermediates
where the topoisomerase is covalently linked through an active site tyrosine and was unable
to release itself during the religation step. These failed intermediates can form spontaneously
or as a consequence of cancer therapeutic inhibitors of Top2, a type Il A topoisomerase,
recently reviewed in [53]. Top2 inhibitors are often used in chemotherapy against a wide
variety of cancers, including lung cancer, non-Hodgkin’s lymphomas, leukemias, Kaposi’s
sarcoma, neuroblastoma, and soft-tissue sarcomas, thus making failed topoisomerase DNA
intermediates a medically significant topic. TDP2 acts to resolve these failed topoisomerase
intermediates, which is good normally but will antagonize Top2-targeted chemotherapy
treatments. Inhibitors of TDP2 are likely to sensitize cells to Top2 inhibitors. Although this
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alone merits identification of TDP2 inhibitors, TDP2 recently was identified as THE human
host protein that is required for picornaviral development [54]. For many years, researchers
were searching for aVPg unlinkase that cleaves a protein-RNA covalent linkage.
Picornaviruses use a protein, VPg, as a primer for RNA synthesis, and VVPg must be cut from
the RNA. TDP2 was found to be that human host aVPg unlinkase, with the linkage to the
RNA formed by a tyrosyl group. This finding also showed that TDP2 could act on both
RNA and DNA with 5 tyrosyl adducts. These results are medically important, as
picornaviruses cause a multitude of human illnesses, ranging from the common cold and
hand and foot disease to polio and encephalitis. A TDP2 inhibitor could thus be a potential
major medical breakthrough.

Developing inhibitors of DNA repair nucleases as tools and leads for therapeutic
intervention is in process, in particular for treatment of cancers where nucleases may be
upregulated. It is thus important to consider their detailed mechanisms, since it may lead to
the development of specific inhibitors. The major problem with many nuclease inhibitors
that are DNA analogs is their lack of specificity. Understanding essential steps in the
damage recognition mechanism at the structural level will provide targets for development
of specific, structure-based inhibitors.

3. Overview of DNA Repair Nuclease Structures and Mechanisms

Phosphodiesters are highly resistant to hydrolysis, with t1;, of 30 million years at 25°C [55].
Nucleases, such as FEN1, can accelerate that reaction 1017 fold [56]. Nucleases achieve this
acceleration through a multistep acid-base reaction: 1) orientation of the attacking water for
a linear attack on the phosphodiester bond; 2) activation of the attacking water through acid
deprotonation; 3) stabilization of the electronegative pentacovalent intermediate, and 4) base
protonation of the leaving ribose oxygen. The nicked DNA has a 5’ phosphate and a 3’
hydroxyl on one strand. The 3’ hydroxyl provides a ready-substrate for DNA polymerases,
which is particularly important for DNA repair.

The nucleases enzymatic reaction is achieved either through side chain coordination or
through metal coordination. These details of the mechanism are not common to all repair
nucleases. Even repair enzymes that perform functionally identical reactions can have
distinct mechanisms [57, 58]. All nucleases that directly cleave the phosphodiester
backbone, excluding bifunctional glycosylases, are metal-dependent [59,60]. There can be
one to three metals. APE1 (apurinic endonuclease) uses Asp210 and Asn212 to orient and
activate the attacking water and requires one Mg2* ion, to stabilize the pentacovalent
intermediate [57, 58]. VSR uses two Mg?* ions [61]. Nfo, which acts on the same substrate
as APE1, requires three Zn2* ions that are involved in both activation of the attacking water
and stabilization of the pentacovalent intermediate [62-64]; it is the only known
endonuclease that uses Zn2* for its catalytic metal.

However, what makes DNA repair nucleases distinct from other nucleases? When we
examine DNA repair enzymes, we find that these phosphodiesterases share common
elements, despite their differences. 1) Recognition is through a DNA contortion or sculpting
that provides specificity for the DNA damage. 2) Although there is limited change in the
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endonuclease core structure, flexible regions of the protein often compact and trap the DNA.
3) Damaged DNA sculpting places the phosphodiester bond to be incised in the active site
pocket to license the nucleases to incise. Normal DNA typically can not be similarly
contorted and their phosphodiester backbones cannot reach the active site. 4) The nuclease
active sites are generally open, with multiple waters available for protonation of the leaving
ribose oxygen. 5) Repair endonucleases, particularly eukaryotic ones with regulatory
regions, are product-inhibited, often mediated by clamping of the DNA through side chains
or helices that form around the DNA. 6) Product release is often the rate limiting and a
regulated step.

In our survey of structures of DNA repair nucleases in complex with substrate and/or
product DNA, we have observed protein structures that sculpt and distort the DNA (or
RNA) that in turn, license incision to occur and promote the fidelity needed for DNA repair
and for life to continue. We find that the rule of measure twice, cut once works not only for
carpenters but also for nucleases and is enabled in part by enzymes that can sometimes
reshape themselves and typically sculpt their target DNA.

4. Structurally-related family members: APE1, Nfo, TDP2 and UVDE

Abasic residues occur spontaneously or as intermediates in BER. Acting in the BER
pathway, Endonuclease IV (EndolV or Nfo) and apurinic/apyrimidinic endonuclease 1
(APEL) are two endonucleases that recognize abasic sites in the context of intact duplex
DNA. Abasic sites can occur spontaneously or as repair intermediates from mono-functional
or bi-functional glycosylases. Bi-functional glycosylases leave a 3’ deoxyribose, and APE1
and Nfo act as 3’ deoxyribonucleases to clean the 3’ end of these byproducts. Intriguingly,
APEL1 and Nfo have been implicated in incising the phosphodiesterase backbone 5’ to
certain types of base damage [65-70], indicating that these nucleases can also bind and
recognize bases in their active site. Recently, APE1 has been shown to have activity on
RNA as well [71, 72].

APE1 and Nfo have the same AP endonuclease activity, but their tertiary structure and their
divalent metal requirements are completely different. APEL1 is part of the exonuclease 111
(Xth) family, has a two-layered -sheet core flanked by helices, and has a single Mg2* ion in
its active site [73]. Nfo has a TIM 3 barrel core, surrounded by helices with not one but three
metal ions — either three Zn2* or two Zn2* and one Mn?* [62, 63]. Additionally, although
APE1 and Nfo flip out the abasic site, Nfo flips out the base on the opposite strand as well.
Despite these differences, the steric manner in which they contort the abasic site in their
recognition mechanism is surprisingly similar [57]. The DNA is bent severely by both
proteins, approximately 35° for APE1 and 90° for Nfo. Intriguingly, the two abasic
nucleotides and surrounding nucleotides overlay well, despite the fact that Nfo double flips
the abasic site and the base on the opposite strand (Fig. 2A). One could think that this
similarity is explained by the fact that the nucleotide-flipped abasic site adopts its lowest
energy geometry. However, key features including the position of the scissile phosphate are
not identical to an abasic site flipped out by uracil N-glycosylase (Fig. 2A) [74]. The abasic
site in duplex DNA has two major characteristics that the AP endonucleases select for: no
Watson-Crick pairing and no base. Both endonucleases flip out the sugar moiety into a small
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pocket that would not be able to accommodate a base (Fig. 2B). In both proteins, there is
little change in protein structure between unbound and bound, a feature shared by many
proteins that contort or sculpt DNA as part of their recognition mechanism. We postulate
that the similarity of the AP site configuration is key to the hydrolysis step, as catalytic
metals and residues overlay between the two proteins [57]. Phosphodiester incision is
mediated by one or more metals in APE1 and three metals in Nfo. In both enzymes, residues
most important to the catalytic activity or metals are positioned to activate the water for an
in-line attack [57, 62-64, 75]. A significant feature of human APEL is the trapping of the
product by Arg177, which lies over the AP site (Fig. 2B). Mutation to alanine results in a
25% higher keai/ Ky, compared to WT due to an increase in the off rate.

Given the small binding pocket, the mechanism for how Nfo and APE1 can accommodate a
damaged base in nucleotide incision repair is still unclear, although some suggestion is
given by a structure with a complete nucleotide at the active site of APE1 [76]. Another clue
is given by another enzyme that structurally resembles APE1, TDP2 that incise 5’ tyrosyl
groups from ssDNA and RNA. Both enzymes share specific amino acid motifs bearing some
of the catalytic residues (Table I). Moreover the scissile phosphate in TDP2 is located
identically to that in APEL, but the sugar and base are on the opposite side of the
phosphodiester (Fig. 2C) [77, 78]. In other words, TDP2 does not flip out the nucleotide,
unlike APE1. TDP2 also has a narrower groove that forces the terminal nucleotide into a
twist that would disrupt Watson-Crick basepairing. Another feature of TDP2 regulation that
may be a important for other nucleases is an apparent DNA mimicry by its flexible terminus,
and here as in uracil-DNA glycosylase the DNA mimicry would be of the sculpted DNA
[79, 80. Given that TDP2 requires ssDNA for its activity, it is possible that melting of the
DNA around the damage would allow APE1 and Nfo to work on substrates with DNA base
damage. That the NIR substrate, a anomeric adenosine, disrupts the dSDNA, and that
flanking sequences exacerbate this feature are better Nfo substrates [Aramini, 2004 #534,
81] is consistent with this melting hypothesis.

Similar in topology to Nfo, UVDE recognizes and incises DNA 5" to UV damage, such as
pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PP) [82]. UVDE can also incise much
smaller damage such as abasic sites, nicks, and gaps [83], which is surprising given the size
of CPDs and 6-4PPs. UVDE has a similar Tim barrel structure as Nfo [84], and both
enzymes flip out nucleotides from both strands [85] (Fig. 3). However, unlike Nfo, UVDE
flips out two nucleotides from each strand in a quadruple flip, compared to only one
nucleotide from each strand in the Nfo complex structures (double flip). Both the 6-4PP and
the opposing adenines were rotated out of the helix and base stacking with the rest of the
DNA was disrupted. A wedge, formed by GIn103 and Tyr104, stacks against the basepairs
5’ to the damage. Unlike all other repair nucleases in this review, a strikingly large space is
formed in the DNA that remains unoccupied by the protein. However, given that the flipped
out 6-4PP is exposed in this gap, it is intriguing to consider that this gap allows the next
enzyme in the pathway spatial access to the damage, promoting handoff
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5. Very Short Patch Repair (Vsr) endonuclease

Microbial Vsr endonuclease recognizes and incises on the 5’ side of thymidine in TG
mismatches in a very short patch repair process. Unlike the other enzymes discussed in this
review, Vsr recognizes the damage within a specific sequence, CC*(A/T)GG that is the
target for DNA-cytosine methyltransferase (Dcm). Spontaneous deamination of the second
C (*) methylated by Dcm leads to the TG mismatch to be repaired. The overall structure of
Vsr resembles type Il restriction enzymes [86]. The product-bound structure showed specific
hydrogen bonding to mediate recognition of the TG mismatch within the canonical
methylation sequence [87]. Surprisingly, the DNA is distorted on the 3’ side of the
thymidine in the TG mismatch, while still maintaining all basepairing (Fig. 4). From the
major groove side, Phe67, Trp68, and Trp86 stack between the basepairs, with Met14 and
I1e17 from the N-terminal helix coming in from the minor groove side. The basepair to
basepair distance increased by a remarkable 6 A compared to canonical B-DNA. We
postulate that this intercalation helps mediate recognition of the TG mismatch. In the
structure of DNA containing a TG mismatch, the 3’ side to the mismatched T shows
disrupted stacking with the next basepair in the helix [88]. It is also notable that MutS, a
major mismatch recognition protein, also inserts on the same side in its binding to TG
mismatches [89]. Incision is catalyzed by two Mg2* ions. Vsr also binds a Zn2* ion, but it
serves only a structural role. Analogous to APEL, the N-terminal helix of Vsr appears to trap
product DNA. The DNA-free structure is of a N-terminally truncated construct, so we do not
know the exact position of the N-terminus in the DNA-free enzyme. However, it is clear
from the structure that the N-terminus would need to clamp down on the DNA in response
to DNA binding. It is the only major change between DNA-free and DNA-bound Vsr
structures. Product inhibition is suggested from the retention of a three nucleotide product in
the crystallization that took several weeks [87]. Kinetic studies of an N-terminally deleted
mutant show a decrease in ke [90]. Unfortunately, the rate of product release has not been
measured. Interestingly, the N-terminal helix appears not to clamp down until the product
has been formed, as incubation with Mg2* but not Ca2* protected it from limited proteolysis
[91]. This suggests that protection of the product DNA was engineered into the Vsr N-
terminus.

6. Endonuclease V (Nfi)

Nfi recognizes a surprisingly wide range of base damage in BER, including hypoxanthine,
xanthine, oxanine, uracil, base mismatches, abasic sites, insertion/deletion loops, hairpins,
and other aberrant DNA structures [92-98]. Nfi also incises RNA [99, 100]. This wide range
of DNA damage recognized by Nfi means that it not only recognizes both damaged purines
and pyrimidines, already distinct in size, but it also must recognize aberrant DNA structures
with undamaged bases. To add to the complexity, Nfi cleaves the second phosphodiester 3’
to the damage. This polarity is unlike other damage recognition nucleases that cleave the
DNA 5’ to the damage. As a result of the 3’ incision, Nfi in itself cannot remove the damage
with the standard polymerase strand displacement. Instead, Nfi incision likely acts to signal
a repair pathway for 3’ strands.
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As damage recognition is physically distinct from incision on the DNA strand, the steric
location for both functions are also physically separated in Nfi enzyme. Crystal structures of
Thermotoga maritima (Tma) Nfi with DNA-containing hypoxanthine show one pocket for
damage recognition and a second pocket for incision (Fig. 5). Like the other nucleases
above, there is little change between the DNA-free and DNA-bound enzymes, except for
one small set of shifts discussed below. The hypoxanthine is rotated 90° into a deep pocket,
which is different from the full 180° flip like many base damage recognition proteins.
Incision occurs in a second pocket containing a single Mg2* ion. A helical and hydrophobic
wedge, formed by Tyr80, 11e81, and Pro82, is inserted into the DNA opposite to the
hypoxanthine and breaks the duplex DNA basepair-to-basepair stacking, analogous to Vsr
endonuclease. The residues of this wedge are part of one of the motifs specific to Nfi (Table
). It is not clear how Nfi is licenced to incise. Does a signal need to pass from the
recognition pocket to the incision pocket? Comparison with the Tma DNA-free structure
reveals small shifts leading to one of the residues coordinating the catalytic metal, although
whether these shifts convey the signal needs to be experimentally tested.

Pertinent to the broad substrate specificity of Nfi, a second, more recent crystal structure of
Nfi bound to a one nucleotide loop showed the wedge pushing out two thymidines on the
non-complementary strand and one adenine was rotated into the recognition site [101]. This
is notable for two reasons. 1) Nfi broke the Watson-Crick basepairing of the A-T basepair
next to the one nucleotide loop, forming a two nucleotide loop. 2) A normal adenine base
was rotated into the recognition pocket. Hypoxanthine is deaminated adenine, and it was
thought that rotation was stabilized by specific recognition of the hypoxanthine. However, it
is clear that adenine can also be stably rotated into the damage recognition pocket. It is
unexpected why Nfi does not put the one nucleotide loop into the “damage” recognition
pocket but instead disrupted the loop further.

We postulate the following. 1) The helical wedge needs to be inserted into the DNA. It is
located away from the scissile strand and inserts more on the side of the complementary
strand, thus sterically forcing the loop to be positioned away from the incision site. 2) One
nucleotide must be rotated out, in order to position the phosphodiester close to the active
site. Nfi thus disrupts the A-T base pair, in order to rotate a nucleotide to go into the
“damage” recognition pocket. Thus, this structure suggests a new structural basis for how
Nfi handles its wide range of substrates, from single base damages that are still paired in the
duplex to aberrant DNA structures with undamaged bases. It recognizes DNA where the
bases can be rotated out of the helix. In the cases of loops, the stacking is disrupted,
facilitating invasion in the DNA duplex by the helical wedge. In the case of specific base
damage, it could be from disrupted hydrogen-bonding or disrupted basepair-to-basepair
stacking. For example, although there are two hydrogen-bonds formed in the basepairing
between inosine and thymidine, the base pair would be shifted in the DNA helix and the
basepair-to-basepair stacking would be similarly disrupted. Thus, like Vsr, Nfi is
recognizing disrupted DNA helical structures.
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7.5" nuclease family: Flap Endonuclease 1 (FEN1) and Exonuclease 1

(Exol)

FEN1 and Exol are part of the structure-specific 5’ nuclease superfamily that recognize ss-
dsDNA junctions and cleave one nucleotide into the dSDNA. The members of this
superfamily share two active site motifs in their sequences (Table I). FEN1 incises 5’ flaps
formed during Okazaki fragment maturation and during long patch BER. Exol is a
processive 5’-3’ exonuclease that acts in MMR, DSBR, and telomere maintenance. The
challenge of these 5’ nucleases in recognition of their structure-specific damage is that they
must distinguish their substrate from ssDNA and RNA and from dsDNA, or in other words,
a bent hay stick in a hay stack problem. FEN1 incises 5’ flaps formed during Okazaki
fragment maturation and during long patch BER. The crystal structures for FEN1 have been
solved in a DNA-free state (in complex with PCNA), with a one nucleotide flap substrate
and a product structure [16, 17] (Fig. 6). For Exol, substrate and product bound structures
have been determined [102].

The key to ss/dsDNA junction recognition by the 5" nucleases is recognition of duplex DNA
with one end abruptly interrupted by a hydrophobic, helical wedge, analogous to Nfi. Only
duplex DNA with a nick of ssDNA can bend around the hydrophobic wedge. This
recognition is manifested in several ways. 1) Recognition of the helical features of duplex
DNA. In both FEN1 and Exo1, the main DNA binding interfaces are not continuous, but is
separated into two regions a DNA helical turn apart, one at the active site and one at a K*
binding site formed at a helix-two or three turn-helix (H2/3TH) motif. The distance between
DNA binding sites bridges the major groove, enforcing specificity for 5’ flaps and not
duplex RNA or 3 flaps. This divided binding mode is distinct from most endonucleases
which bind generally in a single connected interface that extends from the active site. 2)
Binding to the complementary strand enforces specificity for dsSDNA and selects against
ssDNA or RNA. We found unexpectedly that over half of the protein-interaction interface
was to the complementary strand. Excluding the terminal nucleotide, only one sixth was to
the scissile strand. 3) Bent dsDNA binding path selects for 5’ flap. A helical hydrophobic
wedge sits in the direct path of the DNA, forcing the remainder of the DNA (ss for Exo1,
dsDNA for FEN1) to bend 90°. Only DNA that has a break in the ds DNA, such as found in
a 5’ flap substrate, can do so. One notable advantage for FEN1 of focusing protein-DNA
interactions to the complementary strand is that RNA in the incision strand would not
disrupt interaction, allowing FENL1 its non-specificity toward RNA vs DNA.

In the case of FEN1, a disorder-to-order transition enforces substrate recognition for a one
nucleotide 3’ flaps. To obtain a ligatable product, FEN1 forms and binds a one nucleotide 3’
flap. As FEN1 cuts one nucleotide into the dsDNA substrate, this flap can basepair back
down to form a ligatable product [14, 56]. In the DNA-free structures [103], the protein
tertiary region between the 3’ flap and the active site residues are disordered but this same
region is ordered in the DNA-bound structure. This difference implies a disorder-to-order
transition initiated by binding to a 3’ flap. Indeed, mutation of a lysine (R47A) that is in
position to help order this region is as deleterious to the incision activity as a residue in the
active site (Y40A) that helps position the substrate [16]. For Exol, XPG, and GEN, there is
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no 3 flap. It is possible that regulatory proteins or domains may induce a similar disorder-
to-order transition to activate the nuclease catalytic residues [102, 104]. Also as seen for
XPG and TFIIH, partner machines may couple DNA sculpting to licensing for nuclease
cleavage [104, 105].

Another key and still cryptic mechanism in 5" nuclease incision is the unpairing or fraying of
the dsDNA around the scissile phosphate. For both Exol and FEN1, the substrate is paired
around the scissile phosphate (+1 and —1 refer to bases on 5’ and 3’ side of scissile
phosphate) with the scissile phosphate 5 A distant from the two catalytic metals, while the
product is unpaired at the —1 nucleotide with the scissile phosphate within catalytic distance
(2.2 A) of the metals. Presumably, not one but two nucleotides must have unpaired to move
the scissile phosphate within catalytic distance. Why do these 5’ nucleases require unpairing
for incision? Restriction enzymes routinely cleave the exterior-facing phosphodiesterases
while in duplex DNA. So why are 5" nucleases different?

We postulate that this double nucleotide unpairing only occurs after the 3’ flap has induced
ordering of the active site and ordering of residues that promote unpairing [106]. A two
helix gateway over the active site is wide enough only for ssSDNA. A cap over the gateway,
specific to FEN1 and Exol 5’ nucleases, selects for ssDNA with free 5’ termini. Only if the
helical gateway can form around the ssDNA are the two nucleotides unpaired. Alternatively,
the ss nature of the substrate could be assessed by forcing the ssDNA portion of the
substrate to bend severely back away from the active site. Duplex DNA would not be able to
bend, disrupting the helical gateway and the unpairing residues on one of those two helices.
Assessing the ss nature of their 5’ flaps by either of these two methods, the 5’ nucleases use
multiple recognition steps before allowing incision to occur. Unlike other repair nucleases,
FEN1 does show a significant shifting of conformation upon binding DNA, including both
the gateway and cap, but the main core of the protein also shows significant shifts. A B
hairpin sticking up from the catalytic core shifts back upon DNA binding. Also, 5" nucleases
show a notable crisscrossing of secondary structure elements across the long axis of the
proteins. We hypothesize that this topology allow 5’ nucleases to be regulated by other
proteins that can remotely “pull strings” to impact DNA binding and incision.

Like a Rube Goldberg machine, 5’ nucleases use multiple checks before incision, ensuring
that these nucleases not incise other RNA or DNA substrates, but only their structure-
specific substrate — a “measure twice” type of procedure. This recognition is accomplished
purely through DNA structure, with no sequence specificity. Binding to broken duplex DNA
(two binding sites to the complementary strand and space a helical turn apart, hydrophobic
wedge in duplex DNA path) and 3’ flap-induced order-to-disorder (for FEN) leads to a
double base unpairing of 5’ flap DNA and then, and only then incision. We postulate that
this dsDNA binding — unpairing — ssDNA incision is a hallmark of the 5" nuclease
superfamily and may also be a mechanism for many structure-specific nucleases that
recognize ss-dsDNA junctions, like XPF, which also cleaves in the dsDNA region, albeit
6-8 nucleotides from the junction [107].
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A structure-specific nuclease that shares a similar steric wedge mechanism as the 5
nucleases is RNase T. Although this DNA repair nuclease review has formally excluded
RNases in its focus, Rnase T, despite its name, has been shown to have significant 3’-5/
exonuclease activity on ssDNA or 3’ overhangs with a 300-fold lower Km compared to
RNA [108]. It has an unusual specificity, with its activity 100-fold reduced by a single C
residue in the 3’ end [109]. Crystal structures with ss and 3’ overhang dsDNA revealed an
active site deep in a narrow channel that would select against dsSDNA (Fig. 7). Additionally,
dsDNA is stopped from entering the active site by a phenylalanine in a helical wedge,
ensuring that only the overhang as sSDNA or RNA enters the narrow channel to the active
site. The enzyme does not change shape upon binding DNA, suggesting it acts as a rigid
surface for DNA interaction. There are two metals, Mg2*, in the active site.

Comparison to the DNA-free structure showed little DNA-induced conformational changes
of the catalytic core. Selectivity against incision past C is manifested by a fascinating chain
reaction of flipped and shifted side chains. This chain reaction is initiated by a 180° rotation
of Glu73 that hydrogen bonds to the 3’ terminal C. The C is pulled up and away from the
active site, and only one metal is observed in the active site. This loss of a catalytic metal
and shifting of the phosphodiester from an ideal catalytic position would explain the loss of
activity on substrates with a terminal C.

The dsDNA exonuclease and ssSDNA endonuclease Mrell recognizes, and processes double
strand break (DSB) DNA ends. It also initiates the activation of the DNA-damage response
through ATM. Furthermore, Mrell degrades stalled replication forks [11, 110] where it also
removes covalently bound topoisomerase [111]. Finally, Mrell promotes micro-homology
end joining at breaks during transcription [112]. With all these cellular functions, it is not
surprising that Mrell mutations are associated with some cancers [113-116]. Moreover,
hypomorphic mutations in Mrell that cause Ataxia telangiectasia-like disorder (ATLD)
[117] may block DSB repair [118]. None of these mutations are in the specific amino acid
motifs bearing the catalytic residues (Table I). Instead, the mutations disturb protein-protein
interactions [118, 119]. Invitro, Mrell is known to cleave various types of substrates: blunt
DNA ends, branched DNA ends, 3’ recessed DNA ends, hairpins and ssDNA [120, 121]. In
vivo, Mrel1l licenses with an endonuclease cut, and then resects broken DNA with its
exonuclease activity to create a suitable ssDNA template for homology search in
homologous recombination [12]. Thus both its sSDNA endonuclease activity and its 3’ to 5
exonuclease activity have key functions at forks and breaks.

Although the DNA does not enter the active site, the structure of Mrell from Pyrococcus
furiosus bound to a branched DNA does suggest a model involving an exonuclease
mechanism in three steps [11]. First, both subunits of the Mrell dimer interact with the
minor groove and the phosphate backbone of the dSDNA (Fig. 8A). This part of the DNA is
far from the active site and retains the ideal B-DNA geometry. Second, Mrell undergoes
conformational changes that promote the ATP-independent melting of the dsDNA. The
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angle between the subunits of the dimer changes, a feature called the capping domain rotates
and a helical wedge interacts with the DNA minor groove. The precise mechanism by which
those structural events are melting the DNA is unknown, but Mre11 must first sculpt the
scissile strand towards the capping domain in order to redirect it towards the active site (Fig.
8B). This is the most important step for the recognition of the dsDNA end, since Mrell
likely does not recognize a precise structure, but uses the malleability of the DNA end, and
the possibility to melt it without ATP, for substrate identification. The third and last step of
the mechanism requires the sculpting of the scissile strand towards the active site containing
two catalytic MnZ* (Fig. 8C). This is done by phosphate rotation using a histidine (His52 in
P. furiosus). A mutation of this residue specifically reduces the exonuclease activity of
Mrell, but not its endonuclease activity. After those three steps, Mrell cuts
exonucleatically, from the 3’ end towards the 5 end, in a processive manner.

The endonuclease mechanism is even less understood, due to the lack of informative
structures bound to ssDNA. But computational modeling identified a sSDNA-binding pocket
on the other side of the active site from the dsDNA-binding interface [11]. Compared to
dsDNA, ssDNA is more flexible and there is no need for substrate rotation. This explains
why the mutation of His52 does not impact the endonuclease activity. Those differences in
mechanisms between endo- and exonuclease activities were exploited for the development
of inhibitors specific for each nuclease activities [12]. With these inhibitors as tools, the
roles of the Mrell nuclease activities in directing DNA double stands breaks into the NHEJ
and HR pathways can be assessed in vivo for the first time.

Another structural determinant of Mrell nuclease activities is the conformational state of its
partner, the ATPase Rad50 [122]. In the presence of ADP, the heterotetramer composed of
two Mrell and two Rad50, is in an “open” complex, promoting the exonuclease activity. On
the other hand, ATP closes the complex, occludes the active site of Mrell and stimulates the
endonuclease activity. In the closed Mrel11-Rad50 structures, only ssDNA would be able to
access the active site [123-125]. Employing SAXS, which can accurately define
conformational states [126], experiments show that Rad50 conversion between closed and
flexible states controls the Mrell nuclease and end tethering versus end processing [127]. In
future research, it will be exciting to see how the assembled Mre11-Rad50 machinery acts in
concert to control replication forks and DSBs.

10. Integrating nuclease structures, chemistry, and biology

As a group, what do these structures inform us about the chemistry of the reaction and about
the biology?

a) Nucleases sculpt their substrate DNA to physically validate their substrates

Nucleases cannot see. Although this statement is obvious, we and other FEN1 researchers
focused on the ssDNA, the most obvious visual difference between 5 flaps and dsDNA.
Instead, the structure revealed that FEN1 recognized that 5" flap DNA had a break in the
dsDNA and could bend >90° over a single phosphodiester, a physical and tangible
characteristic of 5’ flaps. As nucleases are blind, the nucleases in this review test their
substrates through an obstacle course of wedges and narrow grooves. These wedges often

DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tsutakawa et al.

Page 14

are hydrophobic and almost always include an aromatic residue that stacks against the DNA,
often against the strand complementary to the strand incision. In Nfi, RnaseT, FEN1, Exol
and Mrel1, these wedges are helical, suggesting that the secondary structure acts to gird the
wedge. The role of basepair-to-basepair stacking in damaged DNA plays a recognition role
in Vsr and Nfi. Narrow grooves or gateways that enclose the active site are found by
structure-specific nucleases such as TDP2, FEN1, Exol, RNase T, and Mrell with
specificity for substrates with ssSDNA overhangs. These obstacle courses ensure that only
true substrates that can contort or fit their phosphodiesters, can reach the active site. Only
when the substrates finish the obstacle course are the DNA repair nucleases licensed to cut.
This obstacle course testing of the substrates is how nucleases measure twice before cutting.

b) DNA repair nucleases need, as a rule, rigid DNA-binding platforms for that obstacle
course to sculpt and select for their substrate DNA

We observe the lack of DNA-induced conformational changes in most of the nucleases in
this review: APE1, Nfo, TDP2, Nfi, UVDE, Vsr, and RnaseT. 5" nucleases (shown for
FEN1) and Mrell are exceptions to this rule, which likely points to facets in their
regulation. The rigidness of the DNA binding interface with little DNA-induced
conformational change is not uncommon for DNA repair enzymes; the conformation of
MutS, a major mismatch recognition protein, was more dependent on small nucleotides than
on its much larger DNA substrate [126].

¢) The manner in which DNA repair nucleases bind DNA reflect not only how they bind
their target DNA but also how they exclude particular DNA substrates

Many repair nucleases bind primarily to one strand, along the phosphate backbone.
However, other nucleases interact with both strands, such as UVDE, FEN1, Exol, and
RnaseT. Indeed, the 5’ nucleases go so far as to have more interaction with the strand
complementary to the scissile strand and use that interaction to place the scissile strand close
to the active site, a feature that we believe provides specificity for dSDNA for nucleases that
cleave ssDNA overhangs. If the primary interaction of 5’ nucleases were to the sSDNA, the
cells risks having its RNA inadvertently incised.

d) Product release from repair nucleases is a key biological mechanism

As they have induced a nick in the DNA, it would be terrible for the cell if they simply
released it to wreak havoc on other DNA repair processes, like strand invasion, double
strand breaks, etc. Structurally, DNA repair enzymes do this through clamping down on the
product DNA, through helices or long side chains. It is probably no coincidence that the
crystal structures of product complexes are generally higher resolution than substrate
complexes.

e) Product inhibition implies a needed handoff from one enzyme to the next enzyme in the
repair pathway

The major DNA binding interface for most DNA repair nucleases is to one side of the DNA,
enabling exchange with the next enzyme in the pathway. The interchange of the nuclease’s
product to the next enzyme in the pathway has been referred to as passing the baton or
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molecular choreography [128, 129]. The structures of sequential pathway enzymes show a
common bend in the DNA, with base stacking and/or base pairing disrupted in the product
being handed over. Is stimulation of DNA binding of the subsequent enzyme through a
direct protein-protein interaction or is it because the basepairing or base stacking of the
dsDNA has already been destabilized?

Another major question in the field that remains unanswered is how the exchange occurs.
Despite the valiant efforts of many laboratories, no one has been able to get a structural
snapshot of an exchange. Is it truly an ordered passing of the baton or a spring-loaded
product release mechanism? The latter may make sense since most proteins will be acting on
the same strand close to the damage. The one exception may be FEN1 to the Ligase 1 (Ligl)
DNA binding domain (DBD). Structural models suggest that they are able to bind to the
opposite sides of the same DNA, FEN1 facing the major groove and Lig1 facing the minor
groove [16, 17].

The broad question remains as to how these nuclease-DNA structures look in the context of
chromosomes. These enzymes have DNA interactions between 6-14 nucleotides in general,
approximately one helical turn of the DNA. For the most part, one can envision complexes
where the nucleases are binding the DNA loosely lying on the histone core. How do these
nucleases find their substrates? FEN1 is thought to work in a PCNA-scaffold complex with
the replicative polymerase and ligases [44, 103, 130-138]. However, how are the other repair
nucleases recruited to sites of damage or are they always scanning the DNA? Going
forward, an important consideration is how these nucleases act on RNA substrates. Most of
these enzymes have been found to be active on RNA, including APE1, TDP2, Nfi, FEN1,
and RnaseT. Also, what is their role in RNA incision — as regulatory nucleases and/or RNA
repair nucleases? Will their substrate specificity be identically mediated by RNA distortion?

Integrated analyses of current structures are providing connections between the structural
chemistry and the biology. For example, in some cases the active site does not fully assume
its activated conformation until the target substrate is properly bound. The active site
conformations (inactive vs active) are controlling the chemistry to provide DNA substrate
specificity, as seen for the FEN1 superfamily in the ordering of the helical arch and basic
residues in the gateway above the active site. Inhibitors that provide chemical knock-downs,
as seen for Mrell exonuclease and endonuclease activities [12], are a powerful tool to
understand distinct functions in a multifunctional nuclease in cells and examine enzymes for
which knock-outs are cellular lethal, such as Mrel11 and FEN1 [38, 139]. Chemical knock-
downs are thus valuable tools that are potential leads for possible therapeutic interventions.
Furthermore, although the enzymes tend to bind about one turn of DNA, the tight binding
regions are often smaller and the active sites have pocket-like features that appear suitable to
inhibitor design.

11. Synopsis and perspectives

This unified analysis of DNA repair nucleases reveals conserved themes in their
mechanisms. The primary theme is the sculpting of the DNA with distortions, disruption of
basepair stacking, flipped out nucleotides. These distortions are mediated near the active site

DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tsutakawa et al. Page 16

through steric wedges that stick up in the path of the duplex DNA. Surprisingly, the
structures of multiple nucleases with distinct mechanisms are teaching us that substrate
specificity does not necessarily conform to the classic rigid lock-and-key paradigm. Instead
these enzymes sculpt their nucleotide targets in ways that prevent normal DNA from binding
appropriately in the active site. For some of these nucleases, DNA binding may induce a
reshaping of the protein, although this is not as common as one would think. Nucleases thus
achieve their exquisite specificities and efficiencies by forming protein-DNA complexes that
are more like molecular versions of the science-fiction transformer robots that reshape DNA
to achieve their activities than they are like the classical lock and key enzyme specificity
hypothesis.
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Abbreviations used in this Review

(BER) Base excision repair

MMR Mismatch repair

DSBR Double strand break repair

Ss single stranded

Ds double stranded

APE1 apurinic/apyrimidinic endonuclease 1
Nfo Endonuclease 1V

TDP2 tyrosyl DNA phosphodiesterase 2
UVDE UV Damage endonuclease

Vsr very short patch repair endonuclease
Nfi Endonuclease V

Mrell Meiotic REcombination 11

FEN1 Flap endonuclease 1

Exol Exonuclease 1

Dcm DNA-cytosine methyltransferase
6-4PP (6-4) photoproduct or (6,4) pyrimidine-pyrimidones
CPD cyclobutane pyrimidine dimer

NIR Nucleotide incision repair

Ligl Ligase 1

DBD DNA binding domain
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Nuclease Repair Pathway Disease Substrate Damage Feature RNA vs DNA
APE1 BER, NIR c:'l‘;e' 5 sy 3 AP, 0 dA Ntflip  RNA/DNA
Nfo BER, NIR NA  5m=h=——3 Ap adA Double flip DNA
TDP2 Falled Cancer .y 3 STyr-DNA ss RNA/DNA
topoisomerase picornavirus =3 Y
UVDE UV damage, BER N/A 5 m==hge—3' 64PP,CPD Quadruple fip DNA
Vsr MMR NA 5 z=tl=—3 TG mismatch _CosePair DNA
G separation
Nfi BER 7 5 =——ad— 3y Hypoxanthine, 0 pNADNA

Uracil, Loops,etc

FEN1 Replication, BER Cancer 5’ wwd LL— 3’ 5’ ss flaps 100° bent DNA RNA/DNA

Exol MMR, DSBR, telomeres Cancer 5 s e 3° :ifk:“ 90° bentDNA  DNA
RnaseT RNA maturation ? 5'—111 3’ 3-5’exo ss RNA/DNA
MRE11 DSBR czTnchr 5_41 3 3.5 exo ss DNA

§ =———4=  endo

Fig. 1.
The ten nucleases discussed in this review, highlighting their biological roles and differences

in substrate specificity and features. Under diseases, not applicable (N/A) and unknown (?)
are denoted. Relative incision position(s) on substrate is shown in red.
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Overlay of AP site B AP binding pocket
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R A -
& scissile , R , 4iem.pdb t 4f1h.pdb
. " phosphate 5 3
5 . 3 Q

Incision

Incision

Fig. 2.

Nfo and APE1 share a common DNA sculpting to select for AP sites. A) Overlay of the AP
site in substrate structures highlights the common DNA structure, despite the differences in
protein structure and catalytic metals. The closeup highlights that this is not a default flipped
out AP nucleotide conformation, as the abasic site in UNG shows small but significant shifts
in phosphate and sugar positions (cyan arrows). Below each enzyme, a DNA schematic
shows nucleotide flip and incision position (*). B) The shallow binding pocket (protein
shown as a surface) selects for abasic sites. For clarity, Arg177 was shown in cyan. C) After
overlay of the protein in APE1 and TDP2 DNA-bound structures, the scissile phosphate

(orange arrow) matches, but the nucleotide is oriented inversely.

DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Tsutakawa et al.

A Wedge

substrate
5!
Incision

| f ; H@@H
. | Y
A 3tc3.pdb
Qi) (3te3-pdb) Q
3’

Fig. 3.

UVDE, which incises the phosphodiester backbone 5’ to the 6-4 PP, quadruple nucleotide
flips the covalently linked base damage and the two nucleotides opposite. A) Side and B)
top views of UVDE, inserts a wedge (GIn103 and Tyr104), as it double flips two nucleotides
on both strands. C) Schematic of DNA and relative position of wedge residues. It is notable

how accessible is the bound 6-4 PP.
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A product

Phe67, Trp68

Zn2+

M92+,
Active site

Fig. 4.
Vsr breaks the helical stacking of its substrate as part of its recognition mechanism. A) DNA

schematic shows how Vsr endonuclease incises 5’ to a TG mismatch. B) The structure
unexpectedly reveals that Vsr inserts three residues (Phe67, Trp68, and Trp8) to break the
stacking on the 3’ side of T in a T/G mismatch. Incision occurs on the 5" side of the T.
Product DNA is shown as surface, colored by chain. The N-terminal helix (N) clamps the
product DNA down onto the main catalytic core.
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A B Hydrophobic Wedge
substrate Tyr80, IIe81,Pr083
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Damage |
Incision

Hypoxanthine Mg2*

Damage  Active Site
Recognition  pgcket

Pocket

Fig. 5.

Page 29

Two pockets, one for recognition and one for incision, underlie Nfi mechanism. A) DNA
schematic shows the relative position of the damage and the phosphodiester incision 3’ to
the damage. B) The substrate structure (2w36.pdb) overlaid with the Mg2* from the product

structure (2w35.pdb) shows two pockets, one for damage recognition (shown for

hypoxanthine) and one for incision with a single Mg2*. A helical wedge separates the two

pockets.
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3’ flap strand B
Hydrophobic

Spheres= DNA 4 A from protein
Catalytic Metals and K+

S p -1
i 0\ .
3g8k.pdb Catalytic Metals 3qgeb.pdb Terminal Nur:leotide";_1
Active Site Carboxylates Scissile Phosphate

FEN1  Helical Gateway Exo1

Fig. 6.
EN1 and Exol use multiple mechanisms for substrate specificity. A) FEN1 and Exol use a

hydrophobic wedge to block the path of the duplex DNA. B) FEN1 and Exol bind primarily
to the complementary strand in two sections, the active site and the K+/H2/3TH. These
regions are separated by 24 A or a helical turn apart. C) The active sites, with seven
invariantly conserved carboxylates and two catalytic metals, are protected by a helical
gateway and a helical cap. The helical gateway could select for sSDNA or ssRNA. The
terminal nucleotide stacks against an aromatic residue and is contacted by two conserved
basic residues. D) A double base unpairing in the mechanisms is suggested by the
observation of +1 and -1 paired nucleotides in the substrate and a —1 unpaired nucleotide in
the product. The scissile phosphate is distant (5 A) from the catalytic metals when the
nucleotides are paired in the substrate structure, but is within catalytic distance (2.2 A) in the
product structure.
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.W%h: QT_ |

Phe oo

Mag2*
146 g

substrate

Fig. 7.
Rnase T dimer selects for ssDNA or ssRNA or 3’ overhangs by blocking the complementary

strand (brown) with a steric helical wedge and Phe29. A) Global and B) closeup of the
duplex structure (3va3.pdb) with Mg2* atoms from an overlaid RnaseT/ssDNA structure
(3v9w.pdb) to show relative position of active site metals and scissile phosphate (*). C)
DNA schematic showing how the 3’ overhang is then selected through intercalation by
Phel46, Phel24, and Phe77 and positioning of the phosphodiester bond for catalysis. For
terminal cytosines with reduced incision activity, Glu73 will flip and pull on the cytosine,
disrupting the positioning of the phosphodiester backbone and one of the two Mg?2* ions.
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Fig. 8.

Ti?e Mrell exonuclease mechanism involves sculpting the DNA end to direct the scissile
strand to the active site. A) Both subunits of the Mrel1 dimer interact with a branched DNA
end (3dsd.pdb). In this structure, the substrate was not cleaved because the catalytic His85 is
mutated into a serine. B) Closeup of the active site (shown by purple Mn2* ions) and its
surroundings. The complementary strand (brown) is unmodified while the scissile strand
(orange) is sculpted by the helical wedge (blue). The postulated phosphate rearrangement
residues involved in the rotation of the 3’ strand into the active site are shown in red
(includes His52). On the other side of the active site, a pocket (green) is hypothesized to
bind ssDNA for the endonuclease activity of Mrell. C) Schematic of the phosphate
rearrangement mechanism (red) in order to sculpt the scissile strand into the active site. The
scissile bond is shown with a red star (*).
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Table |

Nuclease groups have specific amino acid motifs that can be searched against protein sequence databases to
find members of each group in different organisms. In brackets [ ], different amino acid possibilities at one
position. Any amino acid is abbreviated by x and the number in parentheses defines the number of times it is
repeated. | represents any aliphatic amino acid [IVL]. Catalytic residues are highlighted in red.

Protein Motifs
APE-1, TDP-2 [STIWNIDGL PDII[FCILQE GDXNIxxxE SDHxxI
Nfi (Endonuclease V) Y Ixxx[LF]X[FM]RE aG[HQN]GxxH IAKxxL
5 nucleases (FEN-1, EXO-1) [DE]x(6)Kx(6)R EA[DE]AXx(17)DxD!
Mrell DXH[ICIG  GDI[FY][HDEN] G[NSDE]H[DE] G[HD]xH
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