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Atom-to-atom mapping (AAM) is a procedure that establishes a one-to-one correspondence between 
the atoms in reactants and products of a chemical reaction. AAM provides a comprehensive way to 
track the transformation of chemical entities, including the identification of bonds 
broken and formed. Such information is crucial for various applications, including 
retrosynthesis planning, reaction classification, reaction substructure and similarity 
searching, as well as elucidating mechanisms of enzymatic  reactions or identifying 
metabolic pathways. Furthermore, AAM facilitates the automatic extraction of reaction 
rules from literature precedents, which is a key component of chemical AI development. 
Consequently, AAM plays a crucial role in advancing diverse fields including drug 
discovery, materials science, and the broader realm of chemical synthesis. 
Despite the availability of numerous AAM algorithms and tools accurate automatic AAM 
for complex or unknown reactions remains challenging. In existing approaches, AAM is 
typically formulated as an NP-hard combinatorial optimization problem, such as finding 
maximum common subgraph. Consequently, the computation time required to identify 
exactly optimal mapping(s) increases exponentially with the number of atoms involved in 
a chemical reaction. Due to the NP-hard nature, existing AAM frameworks often rely on 
heuristics such as incorporating known chemical rules and machine learning techniques. 
However, the criteria for selecting the reaction rule sets are ad hoc, and identifying the 
correct reaction rules for various reaction cases is challenging. Furthermore, the 
accuracy of the rule-based automatic AAM for unknown reactions may be low due to the 
lack of known reaction rules. Machine learning-based approaches also strongly depend 
on the reaction patterns contained in training data. Therefore, accurate automatic AAM 
demands a universal algorithm that relies on minimal chemical knowledge, without the 
need for known reaction rules or training data, particularly for unknown reactions. 
 
Moreover, chemical reactions may have multiple potential AAM solution candidates. In 
such ambiguous cases, the chemically correct mapping that reflects the actual reaction 
mechanism is typically determined through experiments, such as isotope labeling. 
Therefore, an exhaustive enumeration of potential candidate mappings is an effective 
approach to identifying all probable reaction patterns in unknown reactions, after which 
experiments can be designed to determine the correct one among them. It is important to 
note that such multiple candidate mappings frequently include chemically ``equivalent'' 
transformations, which arise due to molecular symmetries in the reaction. Thus, to 
effectively identify all distinct reaction patterns represented by ``nonequivalent" 
mappings, a symmetry reduction method is required. 



We propose an AAM algorithm that enumerates all plausible mappings without reaction 
rules. We formulate the AAM problem as maximum common edge subgraph (MCES) 
problem, which corresponds to finding atom label mapping(s) that minimize the number of 
bond cleavages and formations. The MCES problem is then reduced to the maximum 
clique problem, i.e., finding the largest subgraph(s) where all nodes are fully connected to 
each other. To solve the maximum clique problem, our proposed framework employs an 
enumeration algorithm utilizing Ising computing. Ising computing is a novel paradigm 
that has gained significant attention as an efficient approach for solving hard 
combinatorial optimization problems across various fields, including chemistry. Finally, 
candidate mappings are constructed from the MCESs computed using Ising computing and 
are then clustered into distinct reaction patterns through a symmetry reduction method. 
 
We applied our proposed AAM algorithm to a benchmark dataset. We found that the 
enumeration algorithm using Ising-computing outperforms a conventional exact algorithm 
for the maximum clique problem in terms of computation time (See Fig 1). Additionally, 
our algorithm successfully found the correct mappings in all reactions of the benchmark 
dataset.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig1: Computation time for SA-based maximum cliques enumeration algorithm 

compared with the CP exact algorithm 



 
 
 
３．今後の研究計画等 Future research plan 
現在までの進捗状況等を踏まえ、今後の研究発表等を含めて具体的に記入のこと。 
In detail, based on current progress, including a future research presentation plan. 
This year, my goal is to publish my research in a scientific journal. I am currently 
working on my thesis and will soon begin preparing for both my pre-defense and final 
defense presentations.  
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Originality 
  Antimicrobial resistance (AMR) is a complex and challeging problem globally due to 
increasing usage of antimicrobials and its repid spreading. The estimations suggested that AMR 
could cause over 10 million deaths annually by 2050, making it the leading cause of 
death.1 Especially AMR in foodborne pathogens, they has become a major concern for food 
production system. Although AMR is not the current pandemic’s primary focus, it could have 
adverse impact on serious illness and death on a broader level. Therefore, 
antimicrobial-resistant pathogens are global health burdens to the achievement of the 
Sustainable Development Goals (SDGs), emphasizing the urgent need for action by the 
global community. 
 The field of AMR research is evolving rapidly, and several key areas require focus. One 
primary focus is the surveillance of antimicrobial-resistant pathogens, which is essential to 
comprehend the current situation and identifying 
emerging trends. Another vital research area 
involves understanding the mechanisms behind 
the development and spread of AMR. This 
involves studying the genetic and molecular 
mechanisms that enable microorganisms to 
become resistant to drugs. By comprehending, 
these mechanisms, researchers can develop new 
strategies to prevent and treat AMR. In addition, 
there is a significant demand for the development  
of novel antimicrobial drugs and therapies. The 
understanding of the mechanisms underlying AMR 
enables researchers to design drugs and therapies 
that are effective against resistant pathogens. 
Therefore, I propose a study to elucidate the 
resistant mechanism of Salmonella spp., a 
significant cause of foodborne illness, against 
quinolones, the drugs of choice for the treatment 
of salmonellosis.  
 
Background leading to this research 
  Salmonella Typhimurium is a significant cause of foodborne illness worldwide, and 
quinolones are recommended treatment for severe cases.2 However, the emergence of 
quinolone-resistant strains of Salmonella has become a major public health concern.2 It can 
develop resistance to quinolone antibiotics through various mechanisms, such as acquiring point 
mutations in the quinolone resistance-determining region (QRDR) of DNA gyrase, which is the 
target of quinolones. Additionally, this resistance can arise through the reduction of quinolone 
accumulation and the presence of plasmid-mediated quinolone resistance (PMQR) genes.3 The 
presence of PMQR genes is now globally reported among Enterobacteriaceae, and they can 
spread through horizontal gene transfer.4 The PMQR genes can encode proteins, particularly 
Qnr proteins which can protect DNA gyrase from the inhibition of quinolones and potentially 
confer to low-level quinolone resistance as shown in Figure 1.5 Furthermore, their presence can 
facilitate the acquisition of more potent resistance mechanisms, such as the point mutation in 

Figure 1 (1) Quinolone entered and accumulated in 
bacterial cell (2) PMQR carrying qnrB19 encoded to 
QnrB19 (3) DNA gyrase can be inhibited by quinolone 
by stabilized the DNA-DNA gyrase complex, however, 
the presence of QnrB19 can protect DNA gyrase from 
the inhibition. 



QRDR, leading to the emergence of high-level of quinolones-resistant strains.4 However, the 
mechanism of Qnr proteins' resistance is still not well understood, and there are 
currently no available drugs to inhibit this protein. This knowledge gap has motivated 
among researchers to investigate how the protein can protect DNA gyrase and complement 
other resistance mechanisms, leading to high-level quinolone resistance. The results of this 
study could have important implications for the development of novel drugs and the 
understanding of the structure-drug relationship. As the number of new drugs being developed is 
declining due to economic constraints, the findings could potentially reduce the time and 
cost required for the development of new drugs. This outcome will ultimately lead to the 
discovery of new treatment options for drug-resistant infections. 
 

Objective  
The purpose of this study is to elucidate the resistant mechanism of S. Typhimurium 

with the presence of QnrB19 against quinolones through the direct observation of the 
complex. The inhibition activity of quinolones is closely related to its structural characteristics. In 
addition, their unique chemical structures enable them to bind to specific regions of DNA gyrase, 
inhibiting its function and preventing the enzyme from performing its normal role ahead of 
transcription. As a result, bacterial cell will be death. Previous research has suggested that 
QnrB19 may protect the normal activity of DNA gyrase by altering its conformation, thereby 
reducing quinolones' binding affinity to the enzyme. However, the precise interaction between 
QnrB19 and quinolones is not fully understood. To address this, I propose to utilize a range of 
visualization tools and in vitro studies to better understand the interaction and determine the 
mechanism of resistance conferred by QnrB19 against quinolones.  

 
 (2) Research plan 
 This research has be conducted according to the research plan as shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 The research plan 

 

Phase 1 Creations of interested proteins 
  I produced the interested proteins including GyrA, GyrB and QnrB19, utilizing an 
expression system for recombinant proteins in Escherichia coli with reconstructed plasmids. The 
bacteria was induced the expression by isopropyl beta-D-thiogalactopyranoside and purified 
using sonication and Ni-NTA Agarose, respectively.6–10 As S. Typhimurium DNA gyrase consists 
of 2 subunits, GyrA2 and GyrB2, full DNA gyrase reconstitution will be performed by a Superdex 
S200 16/60 size-exclusion chromatography column.11 



 
Phase 2 In vitro studies 
 DNA gyrase an essential enzyme that regulates the topology of bacterial 
chromosomes by introducing negative supercoiling as shown in Figure 2. Therefore, to confirm 
the activity of the proteins produced in this study, a supercoiling assay will be performed. Brieftly, 
DNA gyrase (GyrA2B2) will be incubated with relaxed pBR322 at 37°C for 60 minutes, followed 
by gel electrophoresis stained with GelRed to visualize the reaction. QnrB19 and quinolones will 
be added to the reaction mixture at different concentrations to determine its protective activity 
and inhibitory activity, respectively. The result indicated that the binding activity between GyrA, 
GyrB, and QnrB19 affect the activity of DNA gyrase in concentration-dose dependent.7  
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