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Abstract

For inhibitor design, as in most research, the best system is question dependent. We suggest 

structurally defined allostery to design specific inhibitors that target regions beyond active sites. 

We choose systems allowing efficient quality structures with conformational changes as optimal 

for structure-based design to optimize inhibitors. We maintain that evolutionarily related targets 

logically provide molecular avatars, where this Sanskrit term for descent includes ideas of 

functional relationships and of being a physical embodiment of the target’s essential features 

without requiring high sequence identity. Appropriate biochemical and cell assays provide 

quantitative measurements, and for biomedical impacts, any inhibitor’s activity should be 

validated in human cells. Specificity is effectively shown empirically by testing if mutations 

blocking target activity remove cellular inhibitor impact. We propose this approach to be superior 

to experiments testing for lack of cross-reactivity among possible related enzymes, which is a 

challenging negative experiment. As an exemplary avatar system for protein and DNA allosteric 

conformational controls, we focus here on developing separation-of-function inhibitors for meiotic 

recombination 11 nuclease activities. This was achieved not by targeting the active site but rather 

by geometrically impacting loop motifs analogously to ribosome antibiotics. These loops are 

neighboring the dimer interface and active site act in sculpting dsDNA and ssDNA into 

catalytically competent complexes. One of our design constraints is to preserve DNA substrate 

binding to geometrically block competing enzymes and pathways from the damaged site. We 

validate our allosteric approach to controlling outcomes in human cells by reversing the radiation 

sensitivity and genomic instability in BRCA mutant cells.
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1. INTRODUCTION

Allostery is much discussed, but very few drug compounds target allosteric sites despite the 

extremely successful ribosomal antibacterial drugs revealing the tremendous and under-

utilized power and specificity of targeting allostery with inhibitors binding outside the active 

site (Wang et al., 2012). To successfully target allostery, one needs to understand functional 

conformations. In particular for enzymes, targeting allostery requires a knowledge of the 

communication between protein conformation and the active site that approaches atomic 

resolution. Furthermore in developing inhibitors, the optimization of leads is an expensive 

preclinical effort, so targeting allostery has partly been limited by practicalities. With the 

above points in mind, we here suggest an approach of crystallography combined with small-

angle X-ray scattering (SAXS) on structurally feasible targets: this empirical method allows 

one to efficiently produce the necessary knowledge aided by recently developed analysis 

software (Lai et al., 2016; Schneidman-Duhovny, Hammel, Tainer, & Sali, 2016) and then 

proceed with structurally informed optimization. Here we outline our strategy for efficiently 

targeting allostery in human cells with atomic level information even when human protein 

structures of a target enzyme are unavailable. As an exemplary target that forms a 

biologically critical multifunctional complex, we describe the design and testing of allosteric 

inhibitors for the DNA repair nuclease termed meiotic recombination 11 (MRE11).

MRE11 is critical for genome stability during DNA replication and DNA repair. It is the 

fundamental core component of the MRE11, ABC ATPase RAD50, and phosphopeptide-

binding Nijmegen breakage syndrome 1 (NBS1) protein Mre11–Rad50–Nbs1 (MRN) 

complex in humans (also known as MRN/X (Mre11–Rad50–Nbs1/Xrs2) in eukaryotes and 

MR (Mre11–Rad50) in archaea and SbcCD in bacteria (Fig. 1A) (Chahwan, Nakamura, 

Sivakumar, Russell, & Rhind, 2003; D’Amours & Jackson, 2002; Hopfner et al., 2000; 

Lafrance-Vanasse, Williams, & Tainer, 2015; Lamarche, Orazio, & Weitzman, 2010; Seeber 

et al., 2016; Stracker & Petrini, 2011; Williams, Lees-Miller, & Tainer, 2010; Williams & 

Tainer, 2007). Through the MRN complex, MRE11 interfaces with multiple DNA damage 

response pathways, including double-strand break (DSB) repair involving homologous 

recombination (HR) and nonhomologous end joining (NHEJ) (Acharya et al., 2008; 

Bennardo, Cheng, Huang, Stark, & Haber, 2008; Biehs et al., 2017; Bierne, Ehrlich, & 

Michel, 1997; Shibata et al., 2014) and replication fork processing to maintain genome 

stability (Fig. 1B) (Schlacher et al., 2011; Schlacher, Wu, & Jasin, 2012). In this context, the 

MRE11 catalytic domain provides structure-specific endo- and exonucleolytic activities to 

prepare DNA ends for annealing and end-joining repair (Buis et al., 2008; Krogh, Llorente, 

Lam, & Symington, 2005; Lewis et al., 2004; Limbo, Porter-Goff, Rhind, & Russell, 2011; 

Majka, Alford, Ausio, Finn, & McMurray, 2012; Paull & Gellert, 1998). In fact, MRN can 

gain access to occluded DNA ends by removing Ku or other DNA adducts via its Mre11-

dependent nucleolytic reaction (Myler et al., 2017; Shibata et al., 2014). In humans, 

mutations in MRE11 can cause ataxia-telangiectasia-like disorder (ATLD), featuring 

cerebellar degeneration and variable cancer predisposition due to an alteration in the 

mechanical activity of the enzyme during DNA processing (Limbo et al., 2012).

The MRE11 complex is furthermore emblematic in terms of forming multiple distinct 

functional networks with different activities (Williams, Williams, & Tainer, 2007). DNA is 
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susceptible to breaks leading to chromosome abnormalities associated with cancer wherever 

B-DNA is destabilized by sequence (Bacolla, Tainer, Vasquez, & Cooper, 2016) or opened 

during DNA processing (Lindahl, 1993). In eukaryotes, MRN/X interfaces with other 

protein partners to facilitate DNA processing at replication forks (Schlacher et al., 2011, 

2012) and repair pathway selection (Shibata et al., 2014). It cooperates with CtIP (Sae2 or 

ctp1 in budding or fission yeast, respectively) in replication and recombination pathways, 

where CtIP can promote the endonucleolytic activity of human MRN on protein-blocked 

ends (Andres et al., 2015; Deshpande, Lee, Arora, & Paull, 2016; Limbo et al., 2011; 

Makharashvili et al., 2014; Sartori et al., 2007). MRE11 nuclease can either protect or 

promote the degradation of stalled replication forks when either BRCA2 or RAD51 function 

is impaired (Schlacher et al., 2011, 2012). Additionally, the MRN complex can activate and 

signal via the ATM kinase, allowing ATM to regulate MRE11 nuclease to promote DNA 

microhomology-mediated end joining over degradation (Rahal et al., 2010). In general, 

nucleases such as MRE11 tend to be points where inhibitors can impact well-regulated 

pathway elements that may be sculpting the nucleic acid substrate (Tsutakawa, Lafrance-

Vanasse, & Tainer, 2014).

The dimeric MRE11 nuclease works synergistically with Rad50 and Nbs1/Xrs2 to govern 

the multiple conformations of the MRN molecular machine to sense, bind, protect, and 

process damaged DNA (Crown et al., 2013; de Jager et al., 2001; Deshpande et al., 2014; 

Hopfner et al., 2002, 2001; Roset et al., 2014; Williams et al., 2008). Structure-based models 

of MR complexes (from both prokaryotes and eukaryotes) reveal that the Mre11 dimer is the 

core scaffold that provides the platform for the flexible operations of its partner Rad50 in 

tethering DNA ends and regulation of endo- and exonuclease processing of DNA through 

modulation of enzyme activity ofMre11 (Fig. 1A). The Mre11 subunit consists of a catalytic 

domain, a CAP domain, and a linked Rad50-binding motif in prokaryotes (Fig. 1C). In 

mammals, MRE11 additionally bears a glycine–arginine-rich (GAR) motif (Yu et al., 2012) 

that binds poly(ADP) ribose synthetized by PARP1 at DNA DSBs, therefore stimulating 

DNA damage signaling (Haince et al., 2008). From the back face of the MRE11 catalytic 

domain, its interactions with NBS1 optimize MRN’s allosteric organization to perform the 

correct function based on the substrate and protein partners, which are dictated by cell cycle 

status (Fig. 1) (Crown et al., 2013; Lammens et al., 2011; Mockel, Lammens, Schele, & 

Hopfner, 2012; Rojowska et al., 2014; Schiller et al., 2012; Williams et al., 2009). Structures 

of prokaryotic MR further validate Mre11 as a blueprint for orienting the core MR complex 

(Fig. 1A).

In humans, the MRN complex binds DNA DSBs and initiates damage-induced signaling 

cascades via activation of the ataxia-telangiectasia-mutated (ATM) (Lee & Paull, 2005; You, 

Chahwan, Bailis, Hunter, & Russell, 2005) and ataxia-telangiectasia- and rad3-related (ATR) 

kinases (Falck, Coates, & Jackson, 2005; Regal, Festerling, Buis, & Ferguson, 2013; 

Shiotani et al., 2013; Williams et al., 2010). Yet, detailed structural information from 

microbial Mre11 allowed the development of human MRE11 inhibitors that can control the 

ability of a cell to switch among DSB repair pathways (Shibata et al., 2014). These MRE11 

inhibitors therefore have the potential as radioprotectants (Koukourakis, 2012) and are tools 

for testing MRE11 activity in the clinic in both combined or single-therapy generation for 

diseases of aging (McPherson, Shen, & Ford, 2014; Sun et al., 2017), autoimmunity, and 
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cancer (Kelley, Logsdon, & Fishel, 2014; Kuroda, Urata, & Fujiwara, 2012; Nicholson et al., 

2017; Sun et al., 2017).

While these observations reveal how this complex may function similarly and differently 

between prokaryotes and eukaryotes, the core cell biology surrounding Mre11 complex 

activity in detection and processing of damaged DNA ends is similar throughout the 

domains of life (Williams et al., 2007). Thus, useful knowledge obtained from high-

resolution analyses of microbial MR frequently applies to physical and mechanistic 

hypotheses for eukaryotic MRN homologs.

In fact, MRE11 is under active investigation as a target for enhancing DNA damage-induced 

tumor cell killing (Dynlacht, Batuello, Lopez, Kim, & Turchi, 2011; Hengel, Spies, & Spies, 

2017; Hosoya & Miyagawa, 2014; Thompson, Montano, & Eastman, 2012; Velic et al., 

2015; Vilar et al., 2011). As MRE11 knockouts are embryonic lethal (Stracker & Petrini, 

2011), the development of inhibitor tools to evaluate MRE11 functions in cells has a 

biomedical value. In contrast, current strategies for MRE11 inhibition based on RNAi have 

limitations on specificity and efficiency, as MRE11 is multifunctional.

Importantly, small molecule approaches promise targeting of specific MRE11 nuclease 

activities that govern repair pathway choice (Shibata et al., 2014). Small molecules also have 

the advantage of yielding highly penetrant effects across whole-cell populations compared to 

other targeting therapies, such as RNA interference. Moreover, they can be efficiently tested 

across cell lines and therapeutic conditions. Early high-throughput screening for inhibition 

of double-strand break repair in Xenopus laevis egg extracts identified Mirin as the Mre11 

nuclease inhibitor (Dupré et al., 2008; Garner, Pletnev, & Eastman, 2009; Roques et al., 

2009). Recent elaboration of the original Mirin scaffold to produce the PFM library 

(representing the names Petricci–Forli–Moiani) identified derivatives, which selectively 

target either endo- or exonuclease activity of Mre11 in vitro. Since inhibition of Mre11 

endonuclease activity inhibits repair by HR and promotes NHEJ-mediated repair, these next-

generation inhibitors provide a means to guide pathway switching between NHEJ and HR 

(see Fig. 1B) (Shibata et al., 2014).

Structure-based inhibitor analyses and design were critical to understanding and refining the 

molecular mechanisms underlying functional selection of Mre11 endo- or exonuclease 

activity by the next-generation PFM inhibitors. As many mammalian DNA repair factors, 

MRE11 included, remain challenging for structural study, utilization of a microbial 

molecular avatar of the Mre11 nuclease from eubacterial Thermotoga maritima was critical 

for understanding structure–activity relationships (SARs) between Mre11 and the next-

generation selective inhibitors PFM01, PFM03, PFM04, and PFM39. We employ the term 

avatar for our approach, rather than homolog or other term for sequence similarity or 

evolutionary relationship, because our strategy depends upon the physical embodiment of 

the target’s essential features including allostery without necessarily having high sequence 

identity. Here, we describe our avatarian approach to develop chemical inhibitors that target 

allostery to dissect multifunctionality and control biological outcomes with the MRE11 

nuclease as a prototypic system. The methods discussed provide the basis to employ 

structural allostery and avatars for complex mammalian targets in order to develop chemical 
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inhibitors that are increasingly relevant for accurate understanding and prediction of 

mechanisms in cancer cell biology and biomedicine. By focusing on avatars and allosteric 

switches the inhibitor optimization cycle may be focused more tightly than often otherwise 

done which may improve efficient progress and decrease preclinical costs for the design of 

inhibitors for possible clinical trials.

2. METHODS FOR AVATAR INHIBITORS TARGETING ALLOSTERY

In this section, we describe the design and generation of the PFM-derivative library from the 

Mirin scaffold. We furthermore note strategies for selecting the T. maritima Mre11 as a 

molecular avatar along with characterizations of PFM library interactions with the Mre11 

avatar, which tested endo- and exonucleolytic selectivity among the PFM-derivative library. 

We outline strategies for cocrystallization of Mre11/PFM inhibitor complexes and for the 

analysis of allosteric effects within the resulting crystal structures of the complex driving 

endo- or exonucleolytic selectivity. As the validation of SARs derived from microbial 

avatars in a mammalian system is critical, we highlight in vitro and in cell approaches for 

testing the effects of PFM inhibitors on human MRE11 and DSB repair in human cells.

2.1 Chemical Design and Synthesis of the PFM Library

Chemical analysis of the early Mre11 inhibitor Mirin (Dupré et al., 2008) reveals a 

pseudothiohydantoin core containing a Z p-hydroxybenzylidene moiety at the 5-C position. 

Functional group modifications of Mirin, in both the aromatic and the 

pseudothiohydantoinic ring, were identified as logical targets for testing SARs. A good 

candidate probe should be efficiently synthesized in high yields and be achiral. Initial 

substitution of the core pseudothiohydantoinic moiety with a rhodanine and/or N-alkyl-

rhodanine ring generated a compound series with variable modulation of Mre11 nuclease 

activity. From these pilot compounds, a targeted library of PFM derivatives was designed 

and synthesized by using the general synthetic approaches described in Fig. 2 for a detailed 

characterization of Mre11 nuclease modulation.

The protocol developed represents a straightforward pragmatic approach for the preparation 

of decorated rhodanine and pseudothiohydantoin derivatives. These compounds provided 

interesting probes to elucidate selective inhibition of Mre11 endo- or exoonuclease activity. 

From the screening of our PFM derivatives, we infer that the aromatic portion impacts the 

activity and the OH or NH2 group in the 4-C position (on the benzene ring) is crucial for 

inhibition (Fig. 2). The pseudothiohydantoin core is important for the selective inhibition of 

the Mre11 exonuclease activity. Importantly, we furthermore found it possible to switch the 

exo inhibitor into an endo one by the simple replacement of the core with a rhodanine ring 

demonstrating the power of a focused library for this system.

2.2 Identifying Nonhuman Mre11 Avatars

Human MRE11 has remained intractable to the robust high-resolution crystallography 

required for efficiently elucidating protein/inhibitor complexes: the sole X-ray MRE11 

structure, containing the CAP and catalytic nuclease domains, only reaches to 3.0 Å 

resolution (Park, Chae, Kim, & Cho, 2011). To achieve the higher resolution desired for 
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detailed structures of MRE11-PFM inhibitor complexes, we chose to employ a microbial 

molecular avatar of the Mre11 nuclease to test and improve inhibitors. Our starting point for 

identifying nonhuman avatar systems is to examine existing crystal structures and to identify 

critical residues conserved among all species implying fundamental mechanistic features. 

The full sequence alignment of Mre11 obtained with Cobalt (Constraint-based Multiple 

Alignment Tool), as displayed in Fig. 3, highlights residues corresponding to the GDL motif 

(57–59 in TmMre11), GNHD motif (92–95 in TmMre11), GHxH motif (215–218 in 

TmMre11), and all residues that are part of the active site, as exhibiting the greatest 

conservation across all domains of life.

Informed by conserved residues identified by the alignment, we examined the best available 

MRE11 structures, using a resolution cutoff of 2.7 Å, to map the location of these key 

residues and identify components to improve structure-based design of small molecule 

inhibitors. This combined sequence and structural analysis identified the bacterial Mre11 

homolog from T. maritima (TmMre11, Fig. 1C) as the best avatar candidate for human 

MRE11. Following structural superimposition between the human and bacterial nucleases, 

we had a suitable scaffold for performing in silico docking experiments for rational chemical 

design. In these efforts we also employed the Mre11 dimer structure validated in solution by 

SAXS (Rambo & Tainer, 2011) and in our two DNA–Mre11 complex crystal structures and 

SAXS shapes for Mre11 dimers (Williams et al., 2008). Mutations impacting dimer 

formation in solution lost DNA binding validating the dimer interface as contributing the 

DNA-binding channel.

2.3 Cocrystallization and Analysis of TmMre11/Inhibitor Complexes

Although structures of protein–ligand complexes can be obtained by soaking, we 

recommend cocrystallizations. We find that the best technique for obtaining high inhibitor 

occupancy when targeting allostery is cocrystallization which may allow visualization of 

altered conformations.

2.3.1 Cocrystallization of TmMre11/Inhibitor Complex Structures—In this 

section we outline the steps employed to generate X-ray crystal structures of TmMre11 

inhibitor complexes, which are exemplary of the methods we have found useful for 

determining structures of enzyme–inhibitor complexes.

After expression and purification (Das et al., 2010), TmMre11 is exchanged into its target 

crystallization buffer and concentrated to approximately 10mg/mL. Target compounds are 

prepared at 100 mM in DMSO and added directly to the protein solution to a final 

concentration of 5 mM. If precipitation occurs, the solution should be centrifuged at 15,000 

×g for 10 min to remove particulates prior to preparing crystallization trays, either hanging 

drop or sitting drop setups, which are incubated at 18°C for 5 days. Once crystals have 

matured, a suitable cryo-harvest condition is identified by testing crystal resilience and 

diffraction upon transfer to well solution supplemented with 5%–20% glycerol and/or low-

molecular-weight polyethylene glycols (PEGs). Benefits of maintaining 5 mM compound 

within the cryo-harvest condition should also be explored. Once crystals have been frozen 

without damage, X-ray diffraction datasets may be collected, preferably from a synchrotron 
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source, such as the SIBYLS beamline at the Advanced Light Source (Classen et al., 2013), 

which will provide the highest resolution data. After data processing, initial phasing is 

accomplished by molecular replacement, followed by model refinement. In the best-case 

scenario, compound electron density can be unambiguously identified within Fo – Fc 

difference maps and subsequently refined using PDB and cif library parameter files created 

with the PRODRG server (http://davapc1.bioch.dundee.ac.uk/prodrg/).

Once an inhibitor has been successfully cocrystallized with its target, one must analyze the 

resulting target/inhibitor complex model to develop hypotheses linking compound 

orientation at the binding site to allosteric movement of the target for testing in future in 

vitro and in vivo experiments.

2.3.2 Performing In Silico Docking Against TmMre11—X-ray crystallography 

allows the use of relatively small fragments and the growth of better binders from structures 

defined with initial fragments (Chan et al., 2017). We employed a general strategy to test 

and improve the activities of the small molecules consisting of testing a focused library of 

compounds, solving structures of selected binders, and obtaining the SDF (structure-data 

file) files of them. The best way to obtain SDF files is from chemical SMILE using a 

translator (https://cactus.nci.nih.gov/translate/).

However, our strategy further involves targeting allosteric conformational changes that are 

required for the enzyme to form a productive complex with the DNA substrate. Lessons 

from multiple repair enzyme structures have taught us the advantages of focusing on 

allosteric interactions instead of primarily targeting the active site. First, allosteric 

interactions can enable multiple potential sites for inhibitors and thereby allow dissection of 

related functions, as we found for MRE11. Second, allosteric interactions tend to be system 

specific, whereas compounds targeting active sites may show cross-reactivity to related 

enzyme classes. Third, we can interfere with conformational changes required for catalysis 

without blocking substrate binding, so the inactivated enzyme can itself provide protection 

against alternative reactions that might otherwise cause unwanted or unpredictable outcomes 

in cells.

The use of a docking software, such as the Schrodinger suite for drug discovery 

(Schrodinger, 2017), makes it possible to run a calculation for multiple ligand series per job 

to permit a detailed analysis of key features and improve the molecular design. In this 

approach, the in silico characterization is completed with a computational energy evaluation 

for implicit or explicit solvation models that can be calculated and efficiently compared with 

calorimetric experimental data (Moiani, Cavallotti, Famulari, & Schmuck, 2008). The best 

candidate is thereby identified for additional in vitro experiments, such as biophysical 

characterizations, and for testing in several cell lines.

2.3.3 Mre11 Endo- and Exonuclease Inhibitor Complex Structures—We 

crystallized and solved informative Mre11 structures with PFM01, PFM03 (endo inhibitors), 

and PFM39 (exo inhibitor) to 2.3, 2.4, and 2.3 Å, respectively. The Mre11 microbial avatar 

pinpointed two specific sites where small molecules can bind and modulate nuclease 

activity. Specifically, exonuclease inhibitors bind with variable orientation near the active 
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site, blocking His61 (His63 in human MRE11), which mediates the 3′-to-5′ exonuclease 

activity by opening the ends of dsDNA substrates. In contrast, binding of endonuclease 

inhibitors is shifted toward the dimer interface with an orientation that places their alkyl 

chain emerging from a rhodanine ring toward the hydrophobic residues of helix α3.

To examine conformational changes in Mre11 due to inhibitor binding, TmMre11 endo and 

exo inhibitor structures were superimposed onto the TmMre11 apo structure (Fig. 4). 

Viewed from two different angles, the alpha helices in the catalytic domain and in the CAP 

domain appear to restrict inhibitor access to catalytic area of the active site. The PFM 

inhibitors, however, are more distant from the active site, localizing near the Mre11 

dimerization interface and contacting the N93–H94 motif.

The Mre11 α4 and α5 helices show a conformational change with different patterns in the 

endo- and exonuclease inhibitor structures. The helices α1, α3, α6, and α7 show a small 

conformational change vs the apo structure, but the endo and exo inhibitor-bound structures 

have a similar structural pattern. Only helix α2 shows no conformational change in the 

presence of bound inhibitor, implying that it is part of the solid structural core of the 

catalytic domain in TmMre11 between residues Asn65 and Ala85. Conformational changes 

in a similar region were reported in the characterization of ATLD mutant W243R, showing 

that the mutation close to the inhibitor-binding region causes conformational change of these 

regions with clastogenic activity in fission yeast (Limbo et al., 2012).

2.3.4 High-Resolution Structure of PFM04, Endo Inhibitor, Bound to 
TmMre11 and Its in vitro Activity—Structures provide a means of visualizing and 

understanding the impact of inhibitor binding. As a test of our methods, we introduce in this 

section the novel high-resolution structure of TmMre11 with bound PFM04. This small 

molecule completes our initial investigational series for structural and activity 

characterization as presented in Fig. 5A. Compound PFM04 is a member of the N-alkyl-

rhodanine derivative family with an endonucleolytic inhibitory effect: it has a linear N-

alkylic chain instead of the branched N-alkyl chain of PFM01 and PFM03. The compound 

PFM04 was cocrystallized as described in Section 2.3.1, with crystals being grown by using 

sitting drop vapor diffusion in 0.1 M MES pH 6.5, 10% PEG3350, 20 mM CaCl2, then 

soaked in 20% ethylene glycol as cryoprotectant. A dataset to 2.15 Å resolution was 

obtained at the SIBYLS beamline (ALS BL 12.3.1) (Classen et al., 2013), and the structure 

was refined and submitted to the Protein Data Bank (PDB ID: 6ASC). X-ray diffraction data 

collection and refinement statistics are shown in Table 1. In Fig. 5B and C, we present the 

superimposition of the new TmMre11–PFM04 (color pink) with the apo structure PDB ID: 

4NZV (color yellow).

Differing from the previous PFM structures, this novel structure shows the compound 

PFM04 oriented in a new orientation between the two Mre11 subunits, as shown in Fig. 5C. 

The alkyl chain is also organized differently and shows evidence of flexibility. The effect of 

asymmetric orientations of the two small molecules in the dimer is translated into different 

organizations of Mre11 subunit A and subunit B, as shown in Fig. 5B where red stars 

identify regions of conformational change in the backbone. In fact, one domain resembles 

the organization in apo Mre11 with a small difference in the CAP domain. However, the 
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other domain shows notable differences from the apo structure with two crucial regions 

differently organized. This effect is also correlated with the direct interaction of PFM04 in 

one domain with Phe102 that is an important residue governing TmMre11 dimerization.

2.4 Targeting Mre11 Dimer Allostery With a Molecular Avatar

We chose eubacteria TmMre11 to represent essential features of human MRE11 catalytic 

domain for inhibitor development. The size and complexity of eukaryotic MRN/X assembly 

vs the bacterial MR complex (Lafrance-Vanasse et al., 2015; Yu et al., 2012), and the 

absence of posttranslational modifications support its practical advantages. Compared to 

human MRN, TmMre11 provides a more efficient and accurate structural characterization of 

inhibitor complexes with implications for design of potential therapeutic compounds. 

Defining the conserved features of the catalytic domain including both substrate recognition 

and sculpting unveils similarities whereby small molecules designed to act on bacterial 

Mre11 can efficiently provide testable inhibitors for human MRE11. Such inhibitors have 

general interest as possible chemical tools to control DNA repair pathway selection in 

human cells.

We therefore used bacterial Mre11 as a molecular avatar that embodies the key features of 

human MRE11 that we wished to target. The essential structural biology for avatars from 

microbial cells may provide many of the features needed to experimentally test the means to 

inhibit the human enzyme, as seen for DNA replication and repair enzymes. In Fig. 3, the 

green highlighted rectangle shows the conserved region that in the T. maritima homolog 

shows the allosteric motion of the NH loop in the superimposition of PDB files 2Q8U, 

3QG5 (Fig. 6A–C), in the asymmetric conformation induced by the N-terminal 6His-tag 

(Das et al., 2010), and in the open asymmetric conformation induced by Rad50 torsional 

rotation (Lammens et al., 2011). Fig. 6A and B shows the bacterial assembly with the 

electrostatic surface and the asymmetric orientation of the N93–H94 loop. His94 is 

conserved among all Mre11 homologs and acts in sculpting the DNA for the exonuclease 

process (Williams et al., 2008). Thus, His94 mutants show the inhibition of the exonuclease 

activity and a mutant mouse for the equivalent histidine mutation (H129N) has specific 

sensibility DSB repair by HR but not in NHEJ or other processes that do not involve the 

Mre11 exonuclease activity (Buis et al., 2008). However, the structural analyses based on the 

sequence of Mre11 from higher eukaryotes uncover different features in the assembly of the 

nuclease domain that contain that NH loop motif, as well as differences in the dimerization 

interface and its placement relative to the NH loop motif.

The asymmetric organization of MR from T. maritima (Lammens et al., 2011) in the PDB 

3QG5 does not show the pockets that can bind small molecules to modulate exonuclease vs 

endonuclease activities and thereby consequent Mre11 functions in regulating outcomes at 

DSBs and stalled replication forks. The data obtained with the T. maritima Mre11 construct 

codeveloped with JCSG (Joint Center for Structural Genomics) (Das et al., 2010) were first 

crystallized and deposited as PDB: 2Q8U, and then improved by the authors and deposited 

as PDB 4NZV. This structure reveals that the allosteric opening and closing of the loop 

contain His94 and the hidden pocket close to the dimerization interface and able to contain 

small molecules. The crystal-packing arrangement suitable to open that loop was created by 
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leaving the N-terminus His-tag uncleaved; in fact, the first histidine stacks with the residues 

Y276–Y277 inducing a conformational change of the CAP domain relative to the catalytic 

domain, as shown in Fig. 6A. We proposed that the crystal packing simulates the action of 

Rad50 that is shown in the Mre11–Rad50 complex structure (Lammens et al., 2011). This 

Mre11 conformation allowed cocrystallizing the first endonuclease inhibitor PFM01 (Fig. 

6D) in its vertical orientation close to dimerization site (PDB ID: 4024) and was 

successively employed for other endo- and exonuclease inhibitors. The exonuclease 

inhibitors, e.g., Mirin and PFM39, do not show unambiguous occupancy in electron density 

maps, but their general binding position appears to be displaced toward the active site 

relative to the endonuclease inhibitors, which are shifted toward the dimer interface.

The Mre11 dimer forms the core of the MRN complex as shown in Fig. 1A (Williams et al., 

2010). Mre11 dimerization is necessary to bind and process dsDNA sites and to connect 

Mre11 nuclease activities to Rad50 conformational changes (Williams et al., 2008). These 

Rad50 conformational changes are predicted to regulate the Mre11 endo- and exonuclease 

activity and thus the pathway choice in vivo. Thus, we viewed the dimer interface region and 

its connections to the active site as a logical target for allosteric control of this system 

including for DNA repair pathway selection based on the DNA-substrate binding impacting 

cell cycle-dependent activities and protein partners involved in functional networks and 

biological outcomes. The dimerization interface of human MRE11 captured by its crystal 

structure shows unique features relative to other homologs: the human dimer assembly (Park 

et al., 2011) is maintained by a loop–loop interaction (Fig. 6D).

This sequence (DPTGADALC spanning Asp131–Cys139 from subunit A to subunit B) is 

conserved in X. laevis, the organism used in the identification of the original Mirin inhibitor 

(Dupré et al., 2008). The dimerization loop is immediately adjacent to the Asn128–His129 

(NH loop) loop region near the N-terminal Cap domain, suggesting that dimerization may 

reorganize the N-terminal domain at the active site based on the macromolecular 

organization of the full MRN complex in the presence of substrates. Nbs1 may act naturally 

to induce this macromolecular reorganization, and this change may also be promoted by its 

interactions with partners such as CtIP (Deshpande et al., 2016; Kim et al., 2017). 

Importantly, small molecule compounds may provide chemical master keys to lock this 

conformational change into a single position. In other organisms with structurally 

characterized Mre11 assemblies, Mre11 retains an analogous dimer with coupled alpha-

helical hairpins to maintain a specific interaction.

Our strategy for the dissection of MRE11 nuclease provides a prototypic exemplary system 

to describe methods to develop chemical inhibitors that dissect multifunctionality and 

control biological outcomes. We observed that DNA repair and replication enzymes 

typically sculpt their DNA substrates, as we found for nucleotide flipping by DNA repair 

glycosylases (Guan et al., 1998; Slupphaug et al., 1996; Thayer, Ahern, Xing, Cunningham, 

& Tainer, 1995), AP endonucleases (Tsutakawa et al., 2013), and endonuclease V (Dalhus et 

al., 2009), as well as for the flap exo- and endonuclease FEN1 (Rashid et al., 2017; 

Tsutakawa et al., 2017). Thus, part of our strategy to obtain specificity is to retain DNA 

binding but to block protein-mediated DNA conformational changes needed to position the 

substrate complex for catalysis. The methods discussed for this Mre11 system thus provide 
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the basis to employ structural allostery and avatars to develop chemical inhibitors. Such 

inhibitors are increasingly relevant for accurate understanding and prediction of mechanisms 

in cancer cell biology and biomedicine.

Our goal was therefore to develop small molecules that bind near the dimer interface and 

specifically interact where they can impact the motion of the NH loop. We therefore aligned 

the structures of apo-TmMre11, TmMre11 in complex with the endo inhibitor PFM01 

(Shibata et al., 2014), and human MRE11 catalytic domain (Fig. 6D). After pruning 

TmMre11 and human MRE11 catalytic domains, the superimposition was optimized on 

helices α1 and α2. This analysis shows that human MRE11 α3 is shifted toward the active 

site due to the engagement of the NH loop (Fig. 6D). The TmMre11 α3 helix is more open 

than the human homolog due to the disengagement of the NH loop enabling the fit of the 

endo inhibitors (Fig. 6D). In human MRE11 the dimerization loop (Fig. 6D, magenta) is 

directly connected to α3 and its allosteric movement is connected to reorganization of the 

heterocomplex based on the substrate bound. Small molecules that interfere with Mre11 

sculpting of DNA into the active site make it feasible to control nuclease activity and 

consequently turn off nuclease functions to induce a predetermined DSB repair pathway 

(Fig. 1B).

2.5 In Vitro Validation of PFM Inhibitors Against Human MRE11

PFM compounds were first evaluated for their activity as nuclease inhibitors of MRE11. For 

efficiency, they were tested as a group of five at time for endo- or exonuclease-specific 

inhibition in parallel with a control for DMSO and a specific Mre11 mutant that inhibits the 

nuclease activity tested.

2.5.1 In Vitro Characterization of PFM Library Using TmMre11—Exonuclease 

assays were done by using a phospho-labeled radioactive substrate (Paull & Gellert, 1998) 

or aminofluoropurine substrate and then using a fluorimeter to measure the activity 

(Williams et al., 2008). The endonuclease assay was performed by using a circular DNA 

substrate (Das et al., 2010; Lee et al., 2012). Where feasible additional biochemistry tests are 

recommended for more specific characterizations. The in vitro activities of PFM04 against 

TmMre11 in an endo assay and in a resection assay against human MRN are shown in Fig. 

7A and B and described later.

Using an exonuclease assay with a double-stranded oligonucleotide substrate, we found that 

the newly characterized MRE11 endonuclease inhibitor only has a minor effect on the 

exonuclease activity of the MRN complex. The assay was performed along with a few other 

previously characterized MRE11 inhibitors and the reaction was allowed to proceed at 37°C 

for 60 min. As described by our group, PFM39, an exonuclease inhibitor, blocks the 

exonuclease activity of MRN in the assay (Shibata et al., 2014). On the other hand, the 

endonuclease inhibitors (PFM01, PFM03, and PFM04) in comparison slightly inhibit the 

exonuclease activity of MRN.

For the endonuclease assay, ΦX174 circular ssDNA was incubated with purified TmMre11 

catalytic domain and inhibitors Mirin, PFM01, PFM03, and PFM04 at 500 mM final 

concentration. The inhibition assay was performed at 37°C for 15 min. Fig. 7B shows the 
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percent of circular ssDNA degraded relative to the positive control (DMSO treated) and 

negative control TmMre11 H94S that present null endonucleolytic activity (Das et al., 2010; 

Shibata et al., 2014).

2.5.2 In Vitro Characterization of PFM Library Using Human MRE11—The in 

vitro validation process of PFM inhibitors was performed with human MRE11 and human 

MRN complex following the protocol described in our publication (Shibata et al., 2014). 

The exonuclease assay with human MRN is performed in an exo buffer consisting of 25 mM 
MOPS pH 7.0, 60 mM KCl, 0.2% Tween-20, 2 mM DTT, 2 mM ATP, 5 mM MnCl2, 5 nM 
MRN, and 0.8 mM PFM inhibitors. Labeled DNA (100 nM) was incubated in exo buffer for 

30 min at 37°C, followed by deproteinization in one-fifth volume of stop buffer (20 mM 
Tris–Cl pH 7.5 and 2 mg/mL proteinase K) for 15 min at 37°C. Reactions were loaded on a 

8% acrylamide/urea gel, run at 75 W for 60 min, dried onto DE81 filter paper, and 

autoradiographed with typical results shown in Fig. 7C.

Endonuclease assays were performed with ΦX174 circular ssDNA virion DNA (New 

England Biolabs), and 100 ng substrate was incubated with 300 ng purified WT hMRE11 in 

a 20 μL reaction (30 mM Tris–HCl pH 7.5, 1 mM dithiothreitol, 25 mM KCl, 200 ng 

acetylated bovine serum albumin (BSA), 0.4% DMSO, and 5 mM MnCl2) at 37°C for 30 

min with inhibitors. The assay with human MRN complex was performed with 100 ng of 

substrate incubated with 400 ng of protein for 45 min in a 20 μL reaction (30 mM Tris—HCl 

pH 7.5, 1 mM dithiothreitol, 25 mM KCl, 200 ng acetylated BSA, 0.5% DMSO, and 5 mM 
MnCl2). Reactions were terminated with the addition of 1/10 volume of stop solution (3% 

SDS, 50 mM EDTA) and proteinase K to a final concentration of 0.1 mg/mL and incubation 

for 10 min at 37°C. The reaction products were run in a 0.8% agarose gel (1xTAE) for 90 

min at 100 mA. DNA was stained with ethidium bromide and visualized using a Typhoon 

9200 scanner with typical results shown in Fig. 7D for the specific PFM inhibitor tested.

2.6 From Molecular Avatar to Selective Human MRE11 Inhibitors Controlling Repair 
Pathway Selection in Human Cells

While in vitro cross-validation between human targets and their microbial avatars supports 

essential molecular mechanisms for inhibitor action, it is nevertheless critical to validate in 

vitro observations in the context of the cellular environment. To investigate the effects of 

MRE11 inhibitors on HR or NHEJ repair pathways, we chose to irradiate untreated or 

treated cells with X-rays (typical doses of 7–10 Gy) to induce DNA DSBs and monitor the 

outcomes and kinetics of repair by using a variety of assays. To establish whether PFM 

MRE11 inhibitors effectively prevent DNA end resection at sites of breaks, the first 

biochemical step mediated by MRE11, inhibitor-treated cells were monitored for the 

appearance of chromatin-bound RPA using FACS detection and the formation of Rad51 foci 

using immunofluorescence (Fig. 8A–C) (Shibata et al., 2014). For these studies, G2 phase 

cells were specifically examined (isolated via FACS sorting) to ensure observation of two-

ended DSBs and avoid confounding observations from MRE11 action at replication fork 

structures (Roy et al., 2018). The selected PFM inhibitors successfully exhibited a reduction 

of chromatin-bound RPA and Rad51 foci, but still allowed MRE11 to localize to DSBs, 

highlighting their ability to impair MRE11 DNA end resection in vivo.
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Monitoring the kinetics of DSB repair via immunofluorescence monitoring of γH2AX foci 

was used to probe repair differences between the MRE11 exonuclease and endonuclease 

inhibitors. Most DSB repair events (~80%) in irradiated cells follow the fast kinetics of 

NHEJ (~2 h); the remaining 20% are restored more slowly by HR (~8 h). Neither endo- nor 

exonuclease inhibitors impaired the fast kinetics of NHEJ repair (γH2AX foci number was 

similar between mock and inhibitor-treated cells 2 h posttreatment) (Fig. 8D and E) (Shibata 

et al., 2014). For extended HR repair, however, exonuclease inhibitors caused a repair defect 

(resulting in elevated γH2AX foci). These results show the ability of different MRE11 

inhibitor classes to generate unique DNA repair phenotypes in a cellular context.

Since MRE11 endonuclease inhibitors do not result in a DNA repair defect and are capable 

of preventing DNA end resection of DSBs, we postulated that inhibiting MRE11 

endonuclease activity might reduce HR initiation and promote NHEJ-driven repair in cells 

defective for HR. In fact, applying MRE11 endonuclease inhibitors to BRCA2-defective or 

knockdown cells rescued repair in a manner consistent with non-HR-deficient cells (Fig. 8F 

and G) (Shibata et al., 2014), indicating that MRE11 endonuclease activity is key for initial 

licensing of HR vs NHEJ although the exonuclease is required for excision and HR repair 

commitment. Thus, not only were we able to demonstrate the in vivo efficacy and biological 

impact of the avatar-derived human MRE11 inhibitors, but we were also to extend 

knowledge of MRE11 function in cells using these chemical tools.

3. FUTURE CONSIDERATIONS AND PROSPECTS

For our research we developed and describe here an avatarian approach to targeting allostery 

with chemical inhibitors in order to test specific functions in cell biology. Human proteins 

and their structures are not always efficiently obtainable, despite the development of 

advanced methods such as MacroBac with Hi-5 insect cells and baculovirus expression 

vectors with polypromotors (Gradia et al., 2017) for difficult eukaryotic multiprotein 

complex expression. There is moreover often a timely need for chemical knockdowns to 

examine protein functions in multiple cell types and under multiple conditions, such as in 

testing possible resistance factors for radiation or chemotherapeutic agents in cancer cells. 

Avatars can provide the critical tools for inhibitor development by structural biology. Thus, 

for example, the high-resolution structure of gammaH2A bound to Brc1 provides a 

reasonable avatar for inhibitor design against the human PTIP complex (Williams et al., 

2010).

Proteins may be part of multiple networks and of complexes with different functions, so 

knockdowns or knockouts may not accurately inform specific activities and functions. 

Furthermore, active site inhibitors may not answer the most relevant questions. In contrast, 

allosteric inhibitors can offer advantages of specificity and of dissection of function that may 

otherwise be difficult or impossible because conformations often control networks and 

assemblies. As noted here for Mre11, developing inhibitor tools that target allosteric 

conformations can allow the dissection of function for multifunctional complexes to inform 

cell biology.

Moiani et al. Page 13

Methods Enzymol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1 Targeting Allostery

We propose general advantages to targeting allostery rather than the traditional approach of 

focusing primarily on active sites. Allostery, which can involve conformations (that control 

orientations and shape) and assemblies (that alter local concentrations and orientations), can 

be as much a part of protein biological function as its catalytic activity. Furthermore, 

allostery can endow proteins with the multifunctionality that is the mechanistic underpinning 

of how many proteins are able to act in multiple steps and even in multiple pathways. Thus, 

proteins often have their interactions and activity allosterically regulated such that particular 

conformational states correlate to distinct functions. Allosteric events typically extend 

beyond active sites and include plastic deformations, order-to-disorder transitions, and large-

scale domain rotations (Goldsmith, 1996) that may be the rate-limiting and regulated steps. 

Such conformational changes may also provide the basis for sculpting DNA and RNA 

substrates, as seen for the nuclease activities of Mre11–Rad50 complex.

Targeting allostery expands inhibitor target sites from local active site pockets to include 

larger interfaces and conformational switches that are often unique to a given functional 

assembly. In contrast, an active site may have chemistry and shape similarities among 

multiple proteins. In an analogous approach to our loop movements, active site specificity 

can be achieved despite similar binding chemistry by directing allowed shifts in a binding 

pocket (Garcin et al., 2008), which was in fact the inspiration for our approach for MRE11. 

For the Mre11 nuclease activities, we were able to target adjacent loop and interface regions 

that open dsDNA ends and those that sculpt ssDNA to enter the active site. This type of 

dissection-of-function inhibitor can sometimes be mimicked by mutations, as seen for the 

Mre11 partner Rad50 (Deshpande et al., 2014; Williams et al., 2011). Notably, the Rad50 

allosteric conformational change is further influenced by DNA binding and can span the 

entire molecule and extend into cross-molecular complexes to alter protein interactions, 

joining DNA ends across 1000 Å (Hopfner et al., 2002; Roset et al., 2014). However for 

Mre11 nuclease, we were unable to dissect the endo- and exonuclease functions with 

mutations. Furthermore, an active site inhibitor would logically most likely block both 

activities. All these observation support the value of the allosteric inhibitor approach as 

dissection-of-function tools for cell biology. Advanced imaging allowing time and 

localization measurements provides a means to measure changes in assembly and 

disassembly of MRE11 DNA repair complexes (Brosey, Ahmed, Lees-Miller, & Tainer, 

2017) to test the protein interactions and conformations controlling rate-limiting steps that 

are often biologically regulated.

3.2 An Avatarian Approach

In the avatarian approach, the tremendous power of comparative genomics and structural 

similarity can be effectively applied to the design of inhibitors by targeting accessible 

structures that embody the features critical for control of the system by small molecules. We 

maintain that there is no compelling need to do structures of human complexes in order to 

develop and optimize inhibitors through structural analyses. There is of course an absolute 

need to test resulting inhibitors in human cells and in an appropriate biological system 

validating their activities for situations where they will be applied. We suggest that the best 

practical test of specificity is to empirically test if the inhibitor phenotype is removed by 
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mutating the target protein in human cells. This general avatarian approach is valuable as it 

allows efficient progress in the absence of target human protein structures, and it leverages 

optimal systems and informative tools for structural biology. In an example supporting the 

methods and strategies in this report, we used the first archaeal full-length Rad51 structure 

and assembly to develop and test the BRCA2 assembly in human cells by redesigning the 

microbial Rad51 at the site of the human RAD51 interface for BRCA2. This work showed 

that the redesigned microbial Rad51 went to regions of damaged DNA and bound BRCA2 in 

human cells: the specific targeted binding was validated by its being competed for by high-

level expression of BRCA2 BRC3/4 domains (Shin et al., 2003).

3.3 Inhibitor Tools as Biological Probes and Scaffolds for Drug Design

To examine the possible value of specific protein targets and before developing possible 

drugs, it is generally useful to have chemical tools to probe the biological importance of 

specific activities. Structures provide the means to see where inhibitors are binding and what 

they may do to the target protein structure. Combined computational and experimental X-ray 

crystallographic structures can efficiently and accurately identify small molecule-binding 

fragments important for inhibition and inform the design of new inhibitors based upon the 

observed ligand-bound structure (Blundell et al., 2006; Erlanson, Fesik, Hubbard, Jahnke, & 

Jhoti, 2016; Moiani et al., 2009; Murray & Blundell, 2010; Perry, Harris, Moiani, Olson, & 

Tainer, 2009; Thomas et al., 2017; Winter et al., 2012). Starting from small fragments bound 

to a protein, further optimization including merging adjacent fragments with a linker can 

lead to the generation of better inhibitors. In general, we choose to grow onto fragments for 

our projects rather than link them to avoid possible strain between binding pockets and 

linker design issues; nevertheless, linked approaches are also successful and may be optimal 

for a given target site (Patrone et al., 2016; Waterson et al., 2015).

We find that the experimental X-ray electron density maps for protein-inhibitor complexes 

will frequently aid comprehension of how functional moieties interact with specific residues 

of the target enzyme. These interactions may impact proteins’ conformational states, and as 

seen for Mre11 these changes may also perturb possible conformational changes to its 

substrates. A detailed understanding of the mechanism-of-action from combining structures 

and measured cell activities usually makes it possible to efficiently improve binding of 

identified fragments and also to make directed chemical libraries on its small molecular 

scaffold. Structure-based improvements can include inhibitor optimizations for therapeutic 

use and with better properties in terms of solubility, toxicity, and specificity. An emerging 

method will be to examine inhibitor binding by X-ray scattering in solution, which has 

become high throughput (Hura et al., 2009), and able to detect allosteric assembly changes 

(Rambo & Tainer, 2013a), changes in flexibility (Rambo & Tainer, 2013b), and relatively 

high-resolution changes in fold and compactness due to inhibitor binding (Rambo & Tainer, 

2013b), as seen for abscisic acid-binding protein (Nishimura et al., 2009). Unlike other 

structural techniques, SAXS enables comprehensive assessment of conformation and 

assembly under near physiological conditions (Hura et al., 2013). So we can expect it to be 

increasingly used for ligand-binding assessments and their impact on assembly, as seen for 

the apoptosis-inducing factor that links mitochondrial metabolism, DNA damage responses, 

and programmed cell death (Brosey et al., 2016).
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Whereas drug discovery involves many steps beyond the generation of a chemical inhibitor, 

an allosteric inhibitor with validated cellular activity provides a valuable tool for multiple 

scientific and biomedical applications. For example, the use of both classes of the MRE11 

inhibitors showed that MRE11 endonuclease and exonuclease activities are both required for 

microhomology-mediated end joining, an error-prone pathway for DSB repair implicated in 

genomic rearrangement and oncogenic transformation that involves other repair enzymes 

including CtIP, PARP1, FEN1, plus DNA ligase I and III (Dutta et al., 2017). This MRE11 

nuclease requirement was previously masked without the inhibitors.

By describing our strategies and approaches for the development of DNA repair inhibitors 

exemplified by Mre11, we hope that these methods may benefit the efficient discovery of 

chemical tools to knockdown- or knockout-specific activities to separate the complex 

contributions of multifunctional proteins and networks. We view the potential of applying 

structure-based inhibitor design to impact human disease and patient care as truly great. We 

therefore propose the avatarian allosteric approach as a possible enabling technology for the 

design of inhibitor probes and scaffolds for those human systems that are intractable to 

robust structure determinations and traditional active-site targeting.
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Fig. 1. 
Mre11–Rad50–Nbs1 (MRN) architecture, pathways, and nuclease core fold. (A) 

Architectural structures of MRN/X complex from eukaryotes (left) and MR vs bacterial and 

archaeal (right). (B) DNA repair pathway schematic for MR and MRN/X functions in cell 

biology. (C) The TmMre11 (PDB ID: 3THO) fold (ribbon diagram) and sequence (left) with 

domain organization (catalytic domain with metal ion active site, cyan), CAP domain (blue), 

and linker plus Rad50-binding domain (RBD, violet). Human MRE11 fold and sequence 

with the domain organization from PDB ID 3T1I (right) with catalytic domain with metal 
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ion active site (cyan), CAP domain (blue), and the unstructured C-terminus (violet) 
containing the RBD. (Human MRE11 has GAR domain, RBD, and C-terminus unstructured 

yet.)

Moiani et al. Page 24

Methods Enzymol. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Sequence conservation from an alignment performed with Cobalt and Espript 3.0 showing 

the Mre11 catalytic domain among organisms having a structure deposited into the PDB 

plus the X. laevis Mre11 used for in vivo identification of Mirin activity. Conserved regions 

(red fill) and the region showing an allosteric conformational change in T. maritima centered 

at N93–H94 is highlighted (green box). Organisms from the top are shown like bacterial, 

through archeal, yeast, fungi, vertebrate, and mammals.
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Fig. 3. 
Chemical synthesis scheme and inhibitors analyzed. Schematic representation of the two-

step synthetic chemical method to produce N-alkyl rhodanines (top). A one-step protocol to 

produce mirin-like pseudothiohydantoin derivatives (middle). The 2D representation of all 

inhibitors discussed (bottom) starting from left mirin (exo), PFM39 (exo), PFM01 (endo), 

PFM03 (endo), and PFM04 (endo). Procedures: In 1 properly functionalized rhodanines 

(Mendgen, Steuer, & Klein, 2012) moieties were synthesized by cyclization with primary 

amines in the presence of TEA (triethanolamine) in DME, at 90°C under microwave (MW) 

irradiation for 30 min. Compound 2 was obtained in different yields depending on the 

starting amine used; the worst yields were obtained for the sterically hindered and 

problematic isopropylamine. A Knoevenagel’s condensation in the presence of an aromatic 

aldehyde and TEA furnished 3 compounds by irradiation at 110°C for 30 min. When the 

pseudothiohydantoin ring is maintained, MW as the heating source generated a mixture of 

Z/E isomers. Complete region selectivities toward the Z isomers were possible refluxing the 

pseudothiohydantoin with traditional heating conditions in the presence of arylaldehydes in 

a mixture of AcONa/AcOH for 3 h.
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Fig. 4. 
Structural variation revealed by superimposition of TmMre11 apo structure (yellow, PDB 

ID: 4NZV), TmMre11-PFM39 exo inhibitor structure (green, PDB ID: 4O5G), TmMre11-

PFM01 endo inhibitor structure (cyan, PDB ID: 4O24), and TmMre11-Mirin exonuclease 

inhibitor structure (magenta, PDB ID: 4O4K). The top and bottom show different 

orientations (90° tilted) of the Mre11 dimers. Arrows point to the two different binding sites 

for endo and exo inhibitors. Red stars highlight backbone regions shifted vs the apo 

structure. These reorganizations revealed a mechanism for dissecting the endo- and 

exonuclease activities by chemical inhibitors.
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Fig. 5. 
The apo and novel PFM04 inhibitor-bound structures. (A) The superimposition of TmMre11 

apo (yellow) and the novel TmMre11–PFM04 inhibitor complex structure (pink) showing 

the different organization of the two domains due to the asymmetric binding of PFM04. Red 
stars highlight main chain shifts in the inhibited vs the apo structure. (B) A zoom-in on the 

inhibitor-binding site shows the different conformation of ligands between subunit A and 

subunit B, along with the interaction of Phe102 in subunit A and PFM04 in subunit B.
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Fig. 6. 
Human MRE11 compared to TmMre11 apo and endonuclease PFM01-bound structures. (A) 

PDB ID: 4NZV TmMre11 apo dimer (green with crystal mates in the gray surface with N-

terminal His-tags in sticks) shows how the allosteric opening of a small molecule accessible 

cavity was revealed in the switch of the N93–H94. The crystal packing uncovered the 

proposed allosteric conformation in the middle of its hypothesized cycle. (B) Representation 

of structure PDB ID: 3QG5 open dimer TmMre11 (magenta) where the gray cloud 

represents the Rad50 surface providing a torsional opening that reorganizes the asymmetric 

Mre11 allosteric dimerization. (C) Two levels of allosteric conformational reorganizations 

are visible in superimposition of PDB files uncovering differences in the organization of the 

NH loop and the opened cavity adjacent to the dimerization site. (D) The TmMre11 catalytic 

domain structure (cyan, PDB ID: 4NZV) and human MRE11 catalytic domain (green, PDB 

ID: 3T1I), superimposed on alpha helix α1 and α2 showing the human α3 tilted vs the 

TmMre11 as driven by the dimerization site represent in the human loop (magenta loop). 
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The Mn2+ ions of both catalytic sites (spheres) and NH regions of both constructs are shown 

(sticks) with one engaged and one disengaged. A view tilted 45 degree with an added 

structure of the complex TmMre11–PFM01 catalytic domain superimposed (dark blue, PDB 

ID: 4O24). PFM01 (sticks) at the dimerization site shows an overlap with the human 

MRE11 α3. The engagement of NH domain in human MRE11 in this structure closes the 

site where small molecules can act as endonuclease inhibitors.
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Fig. 7. 
Nuclease activities and inhibitor impact. (A) MRE11 inhibitor PFM39 blocks MRN 

exonuclease activity (10 nM). In contrast, the MRE11 endonuclease inhibitors (PFM01, 

PFM03, and PFM04) have little effect on the MRN exonuclease activity. Radiolabeled DNA 

(100 nM) was incubated with MRN at 37°C for 60 min. Reactions contained a final 

concentration of 0.5 mM of the inhibitors. Red asterisk represents the 5′ radioactive label on 

the DNA. (B) Endo inhibitors PFM01, PFM03, and PFM04 primarily reduce the endo 

activity of TmMre11 vs the exo inhibitor Mirin. The nuclease assay is done at constant 

temperature and stopped at specific times. (C, D) The strong exo inhibition effect of PFM39 

and Mirin vs endo inhibitor PFM03 for human MRN. (D) The strong endo inhibition activity 

of PFM03 vs the exo inhibitor mirin and PFM39 to human MRE11. The figure shows the 

percentage of circular ssDNA degraded relative to the control. Panels (C) and (D): 
Reproduced from Shibata, A., Moiani, D., Arvai, A. S., Perry, J., Harding, S. M., Genois, M. 
M., et al. (2014). DNA double-strand break repair pathway choice is directed by distinct 
MRE11 nuclease activities. Molecular Cell, 53(1), 7–18. https://doi.org/10.1016/j.molcel.

2013.11.003.
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Fig. 8. 
In cell validation assays from our publication (Shibata et al., 2014). (A) The effect that 

MRE11 inhibitors have in reducing chromatin-bound RPA level after IR treatment. IR-

induced RPA retention in A549 cells was monitored by FACS analysis at 2 h post 10 Gy IR. 

(B) The quantification of RPA–FACS analysis at two different inhibitor concentrations. (C) 

Treatment with inhibitor does not affect the recruitment of MRE11 to the site of DNA 

damage. The cell lines used are primary human fibroblasts GM05757 subjected to UV-

microbeam. The analysis of recruitment was done 1 h after inhibitor treatment. To identify 

the damage site, the histone γH2AX was labeled. (D, E) Treatment with exo inhibitor (but 

not endo inhibitors) causes a DSB repair defect in G2. DSB repair in G2 (CENPF+) cells 

was investigated by γH2AX foci analysis. Inhibitors were added 30 min before ionizing 

radiation (IR) treatment. 1BR3(WT) hTERT was fixed and stained at 8 h posttreatment with 

3 Gy IR. (F) MRE11 endo inhibitors rescue the repair defect in HR-defective cells. γH2AX 

foci were enumerated in 48BR (WT) and HSC62 (BRCA2-defective) primary cells at 8 h 

posttreatment with 3 Gy IR. (G) The chromosome break defect in BRCA2 siRNA-treated 

1BR3 (WT) hTERT was reversed by treatment with an MRE11 endonuclease inhibitor.
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Table 1

X-Ray Diffraction Data Collection and Refinement Statistics (Molecular Replacement)

TmMre11–PFM04

Data

Space group P21

Cell a, b, c (Å) 48.053, 112.682, 81.162

α, β, γ (°) 90.00, 100.26, 90.00

Resolution (Å) 2.15

Rsym or Rmerge 4.9

I/σ 46.7

Completeness 94.2

Redundancy 4.8

Refinement

Resolution (Å) 2.15

No. reflections/
observed

72,439

Rwork/Rfree 19.69/23.18

No. atoms 5375

Protein 5187

Ligand/ion (Mn)4

(PFM04) 38

Waters 142

Protein 67.3

Ligand/ion 85.6

Water 55.4

Bond 0.004

Angle 0.789

Methods Enzymol. Author manuscript; available in PMC 2018 August 01.


	Abstract
	INTRODUCTION
	METHODS FOR AVATAR INHIBITORS TARGETING ALLOSTERY
	Chemical Design and Synthesis of the PFM Library
	Identifying Nonhuman Mre11 Avatars
	Cocrystallization and Analysis of TmMre11/Inhibitor Complexes
	Cocrystallization of TmMre11/Inhibitor Complex Structures
	Performing In Silico Docking Against TmMre11
	Mre11 Endo- and Exonuclease Inhibitor Complex Structures
	High-Resolution Structure of PFM04, Endo Inhibitor, Bound to TmMre11 and Its in vitro Activity

	Targeting Mre11 Dimer Allostery With a Molecular Avatar
	In Vitro Validation of PFM Inhibitors Against Human MRE11
	In Vitro Characterization of PFM Library Using TmMre11
	In Vitro Characterization of PFM Library Using Human MRE11

	From Molecular Avatar to Selective Human MRE11 Inhibitors Controlling Repair Pathway Selection in Human Cells

	FUTURE CONSIDERATIONS AND PROSPECTS
	Targeting Allostery
	An Avatarian Approach
	Inhibitor Tools as Biological Probes and Scaffolds for Drug Design

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Table 1

