Module 4 Assignment 

Mechanisms of Toxicity: DNA Alkylation and Reactive Oxygen Species

Time on task:  2 hours

Goal: Interpret reaction mechanisms with toxic chemicals

Assignment Learning Objectives: 
· Characterize reactions between alkylating agents and DNA
· Explain the initiation, propagation, and termination of reactive oxygen species
· Suggest components of biological systems that are missing from mechanisms
Linked Society of Toxicology—Undergraduate Toxicology Course Learning Objectives
· Describe the mechanism of action of DNA alkylation by nitrogen mustards
· Explain how various free radicals (reactive oxygen species…) cause damage to cellular organelles. 

Background

“To conclusively identify a target molecule as being responsible for toxicity, it should be demonstrated that the ultimate toxicant 
(1) reacts with the target and adversely affects its function
(2) reaches an effective concentration at the target site
(3) alters the target in a way that is mechanistically related to the observed toxicity.”[footnoteRef:0] [0:  Klaassen, C. D., & Watkins, J. B. (2003). Casarett and Doull's essentials of toxicology. McGraw-Hill Medical.] 


To describe the toxicity of certain chemicals it is important to understand the manner in which they react with biological molecules. Principles of general chemistry (hard and soft acid base theory) and organic chemistry (substitution and radical reactions) can be used to understand where toxic chemicals react and how they may alter biological systems. 

In this assignment you will explore two types of toxins: nitrogen mustards and reactive oxygen species. Though their reactions and mechanisms differ based on the nature of the toxin and biomolecule It can be helpful to break the processes up into initiation, when a reactive intermediate is formed, propagation, where by the reactive species may create more reactive species, and termination which a reaction and can lead to toxicity.  

Grading Rubric:

	Section
	Item
	Points

	Part A
DNA Alkylation
	Describes two mechanisms for nitrogen mustard
	20

	
	Distinguishes reactive nitrogens in biomolecules
	10

	Part B
Lipid Peroxidation
	Compare reactive oxygen species
	10

	
	Identify oxidation products of linoleic acid
	10

	
	Discuss strategies to mitigate damage from oxidation
	20

	Part C
Multiple Choice
	10 multiple choice questions (3 points each)
	30

	
	
	

	Total
	
	100





Part A: DNA Alkylation

[image: ]








Nitrogen mustards are a class of regulated chloroethylamine compounds that are cytotoxic. They are alkylating agents which can bind and crosslink DNA strands.[footnoteRef:1] To understand the how and why the chemical is toxic one must evaluate the different steps within the mechanism to identify how the process is initiated, propagates, and terminates. This will help us better understand how structure and function are linked to allow for future predictions of potential toxicity when designing chemicals and materials.[image: ] [1:  Povirk, L. F.; Shuker, D. E. DNA Damage and Mutagenesis Induced by Nitrogen Mustards. Mutat. Res. Genet. Toxicol. 1994, 318 (3), 205–226.
Polavarapu, A.; Stillabower, J. A.; Stubblefield, S. G. W.; Taylor, W. M.; Baik, M.-H. The Mechanism of Guanine Alkylation by Nitrogen Mustards: A Computational Study. J. Org. Chem. 2012, 77 (14), 5914–5921.] 

 Respond to the following questions using the mechanism on the previous page.

Question 1 - Draw the product that forms from a unimolecular nucleophilic substitution (SN1) reaction between HN2 and water (H2O) instead of the aziridinium ring forming (Reaction 1). Identify relevant changes in stereochemistry. 

Question 2 - Why would you expect either the hydroxide or chloride to act as a better leaving group to initiate the reaction between nucleic acids and HN2 or the product from Question 1?

Question 3 - Draw the structure of an amino acid with a hard nucleophilic nitrogen that may react in a similar manner to those in guanine. Draw an arrow pointing to the nucleophilic nitrogen. 

Question 4 - HN2 can react with multiple nitrogens in guanine. Compare reactions 2 and 4. Identify which of these two nucleophilic nitrogens contributes to hydrogen bonding in DNA and which is covalently bonded to the sugar backbone?




Part B - Lipid Peroxidation

Reactive oxygen species (ROS) can disrupt cellular processes by reacting with biomolecules in organelles and cell membranes.[footnoteRef:2] Lipids are a broad class of hydrophobic compounds that can react with ROS.  ROS propagate their reactivity by forming lipid radicals which can break down creating toxic byproducts and lipid radicals with shortened chains. Malondialdehyde is a marker used to evaluate oxidative stress.  [2:  Iuchi, K.; Takai, T.; Hisatomi, H. Cell Death via Lipid Peroxidation and Protein Aggregation Diseases. Biology . 2021. https://doi.org/10.3390/biology10050399.
Del Rio, D.; Stewart, A. J.; Pellegrini, N. A Review of Recent Studies on Malondialdehyde as Toxic Molecule and Biological Marker of Oxidative Stress. Nutr. Metab. Cardiovasc. Dis. 2005, 15 (4), 316–328. https://doi.org/10.1016/j.numecd.2005.05.003.] 
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Respond to the following questions using the mechanism on the previous page.

Question 1 - Complete the chart to compare different reactive oxygen species (ROS).
	
	Molecular (Triplet) Oxygen
	Singlet Oxygen
	Superoxide Ion
	Peroxide Ion

	Symbol
	3O2
	1O2
	O2.-
	O2.2-

	Number of electrons
	16
	16
	17
	18

	Electrons in ground or excited state
	Ground
	Ground and Excited
	Ground
	Ground

	Reactive oxygen species? (Y/N)
	No
	Yes
	Yes
	Yes

	Number of unpaired electrons
	2
	0
	1
	2



Question 2 - Linoleic acid (CAS# 60-33-3) is a polyunsaturated fatty acid that is part of phospholipids found in cell membranes. 

A) What is the name of the fatty acid formed alongside malondialdehyde after fragmentation, the blue species in figure after abstraction of hydrogen. 

B)  Two radical species can form a bond linking carbon chains. Draw the termination product between the reaction of two of the blue species: L* + L* → ?

Question 3 - Antioxidants function with different mechanisms of action. Certain antioxidants may prevent oxidation by scavenging for radicals while others ‘cure’ or repair the damage from radical reactions. 

Imagine you are planning to select an antioxidant to target a specific part of the mechanism of lipid oxidation. Determine one chemical for your antioxidant to target for each of the three scenarios below. 

A) Prevent oxidation of lipids: (should identify a chemical in initiation) 

B) Prevent propagation of radicals: (should identify the peroxy radical)

C) Repair oxidation on a lipid: (should identify the peroxy radical, or transition state, not the termination product)
Part C - Multiple Choice Questions


Question 1 - Identify the incorrect statement below

A) Most electrophiles are positively charged.
B) Electrophiles can accept electrons from nucleophiles.
C) Electrophiles often contain an atom without an octet of electrons.
D) Electrophiles can react following substitution mechanisms.
E) DNA, proteins, and lipids are good examples of electrophiles.

Question 2 - The criteria below best support which of the following statements?

· There are a number of different electrophilic reaction mechanisms
· Differing mechanisms have different rates of reactivity 
· Nucleophiles and electrophiles may be classified according to their polarizability (e.g. hardness or softness) 

A) Lewis acids are electron acceptors, or electrophiles
B) Purine bases have primary have primary amine groups
C) Not all electrophiles react with all potential biological nucleophiles
D) Chemicals will never have more than one nucleophilic group
E) SN2 electrophiles span a wide range of the hard-soft spectrum.

Question 3 - Which species are examples of soft electrophiles?

A) Thiols or sulfurs in peptides and proteins
B) Amines or nitrogen in nucleic acids
C) Methyl groups or carbons groups found in lipids
D) Hydroxyl or oxygen in purine compounds
E) Hydrogen ions found in deoxyribonucleic acid



Question 4 - Acylation, Michael addition, and Schiff-base formation are examples of what type of reaction mechanisms?

A) ‘Direct acting’ as they form covalent bonds between reactants
B) ‘Hydrogen Bonding’ due to the concentrations of reactants
C) ‘Indirect acting’ as they as reactants propagate in a direct fashion
D) ‘Coordinating’ as they incorporate biological compounds with carbonyl groups
E) ‘Thermodynamically controlled’ as they due to resonance stabilization

Question 5 - Identify the associated mechanism for each of the direct acting agents. 
[image: ]
	A)
	Acylation
	SN2
	SNAr

	B)
	SN2
	Schiff base
	Acylation

	C)
	SN2
	Acylation
	Michael addition

	D)
	SNAr
	Acylation
	Michael addition

	E) 
	Acylation
	Michael addition
	SNAr



Question 6 - Which of the following categories of oxidative stress are correctly paired with a relevant example?

A) Direct oxidation - cell injury & Indirect oxidation - gene regulation
B) Direct oxidation - aging & Indirect oxidation - gene regulation
C) Direct oxidation - cell injury & Indirect oxidation - Parkinson’s disease
D) Direct oxidation - Alzheimer’s & Indirect oxidation - gene regulation
E) Direct oxidation - Cancer & Indirect oxidation - Aging


Question 7 - Which of the following statements about lipid peroxidation are correct?
I. Initiation results in a net increase in the number of free radicals
II. Propagation represents a net decrease in the number of free radicals
III. Two radicals can combine to form a bond and terminate radical reactions

A) I only
B) II only
C) III only
D) I and III only
E) I, II, and III

Question 8 - Identify the incorrect statement below relating to Reactive Oxygen Species (ROS)

A) Excited electrons may be unpaired
B) Electrons with opposing spins may react more quickly than paired electrons
C) Singlet oxygen is a powerful oxidant
D) All ROS are radical intermediates
E) The superoxide anion, hydrogen peroxide and hydroxyl radical are example ROS

Question 9 - Which of the following is not a function of antioxidant chemicals?

A) Providing scavengers for reactive oxygen species
B) Reducing the amount of available oxygen in biological systems
C) Keeping the cellular thiol in the reduced form
D) Preventing or repairing the oxidation of lipids
E) Sequester redox-active metals and prevent Fenton-type reactions

Question 10 - Which of the following describes a mechanism of action?

I. A mechanism of action represents a sequence of events
II. A mechanism of action identified a target or receptor
III. A mechanism of action describe anatomical changes in response to a substance

A) I only
B) II only
C) III only
D) I and II only
E) II and III only
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