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Study guide for research assistants
Read "Discovery of dual function acridones as a new antimalarial chemotype" (J. X. Kelly et al., Nature 459: 270-273, 2009).  The full text of this paper can be accessed online by following the links from this page: http://www.ncbi.nlm.nih.gov/pubmed/19357645. 

Use the study guide below to help you understand the paper.  You are welcome to discuss the paper with Greg and/or other people at any time.  When you are satisfied with your overall understanding of the paper, please answer the "Questions for lab notebook" in your notebook; these won't be given a letter grade but will be checked!
General background


This paper represents a new twist on an old story.  The old story encompasses Plasmodium's digestion of hemoglobin, releasing free heme; its conversion of heme into hemozoin; inhibition of hemozoin production by quinolines such as chloroquine; and Plasmodium's evolution of resistance to these quinolines.  Details are available at http://www.tulane.edu/~wiser/malaria/fv.html and http://en.wikipedia.org/wiki/Chloroquine. 

Given that resistance to quinolines is now widespread, many people assume that quinolines are no longer of any use as antimalarial drugs.  This article is interesting in part because it challenges that assumption.  It's also interesting because it discusses a single molecule ("T3.5") engineered to perform two distinct functions: kill Plasmodium by interfering with hemozoin formation, and reverse resistance to heme-related killing. 
Abstract

• The second sentence states, "Monotherapy and highly mutable drug targets have each facilitated resistance."  Monotherapy is the treatment of malaria with a single drug, as opposed to combination therapy, which uses two or three drugs at a time. Monotherapy facilitates the spread of resistance in that the parasite only has to possess/evolve resistance to one drug in order to survive, whereas it is much harder for it to survive a treatment of multiple drugs simultaneously.  "Highly mutable drug targets" are those that mutate easily, often enabling drug resistance to develop.

• Note the reference to a "chemosensitizing component that counteracts resistance to quinoline antimalarial drugs."  We'll talk more below about this mysterious-sounding process.  Also note the mention of "'verapimil-like' chemosensitization to chloroquine and amodiaquine" and the "apparently mechanistically distinct synergism with quinine and with piperaquine," which may be difficult to understand at this point in the paper but are later explained by Figure 2 and Table 3 and the corresponding text.
Text

• In the first paragraph, note that the digestive vacuole (also called the food vacuole) is acidic.  (The pH is 5.0-5.4, according to http://www.tulane.edu/~wiser/malaria/fv.html.)  This fact is important to remember when examining the chemical structure of T3.5.

• In the second paragraph, the first two sentences essentially mean that the parasites can become chloroquine-resistant by increasing their rate of pumping chloroquine out of the digestive vacuole, but that chloroquine will still kill the parasites if it can be kept in the vacuole.

• A bit more information on chemosensitizers is provided here, but their mechanism of action is not explained.  Reference #16 (which is by many of the same authors) says that "the mechanism of chemosensitization is not fully understood," although the chloroquine resistance transporter (PfCRT) seems to be involved.  Presumably chemosensitizers inhibit PfCRT's removal of quinolines from the digestive vacuole.  In any case, the "N10 moiety" shown in Figure 1 seems necessary for this chemosensitization to occur.

• The third paragraph introduces the new acridone molecule, T3.5, which is said (in the legend of Fig.1) to accumulate in the vacuole via "acid trapping."  This phrase refers to the fact that uncharged molecules diffuse through membranes more easily than charged molecules.  The more acidic the environment, the more time the tertiary amines circled in Figure 1 will spend in a protonated state, and the more they'll be trapped in whatever subcellular compartment they happen to be in.

• The first full paragraph on p. 271 begins a discussion of drug synergy.  The "fixed-ratio combination strategy" refers to the generation of isobolograms such as those shown in Figure 2.  These plots are designed to show whether two drugs are synergistic, additive, or antagonistic.  
- Each point on the plot represents a combination of concentrations of the two drugs that has a given effect – say, 50% inhibition of P. falciparum growth.  That is, the points do not indicate the magnitude of an effect, but rather the concentrations that are needed to achieve a given effect.  

- Each axis represents the Fractional Inhibitory Concentration (FIC) of a drug, which can range from 0 to 1.  A FIC of 1 is the relative amount of a drug needed to achieve the given effect (e.g., 50% inhibition of P. falciparum growth) in the absence of the other drug.  The two extreme points of the graph, (0,1) and (1,0), therefore represent each drug acting in the absence of the other.  Now imagine that the plot also contains an intermediate point at (0.5,0.5).  This would mean that a half-dose of drug A plus a half-dose of drug B yields the same effect as a full dose of A or a full dose of B.  A and B would then be considered additive (i.e., independent of each other).
- In Figure 2a, the curve for T3.5 and chloroquine versus P. falciparum strain D6 (dark triangles) is almost a straight line that passes through (0.5,0.5).  This means that the two drugs are roughly additive in this context.  On the other hand, consider that, for strain Dd2 in this same figure (light triangles), there's a point at (0.33,0.38).  This means that 0.33 doses of chloroquine plus 0.38 doses of T3.5 plus yields the same effect as a full dose of one or the other, implying that T3.5 and chloroquine act synergistically in this case.  Another example of synergy is given in words toward the end of p. 271: "The ED90 values for either T3.5 or quinine alone were 88 and 85 mg kg-1day-1, respectively, but the same effect was achieved by combining less than 1/3 of those individual doses (Table 2)."

• The drug verapimil has previously been shown to be synergistic with the quinolines, so Kelly et al. asked whether T3.5 behaves like verapimil.  They found some similarities and some differences; as noted at the top of p. 272, "With chloroquine, the interaction with T3.5 mirrored that of verapimil; however, the chemosensitization pattern of T3.5 with quinine clearly differs (Table 3)."  Those conclusions are explained in the following sentences, so use those to guide you through Table 3.

• Note that Figures 1-2 and Tables 1-3 do not address the question of how T3.5 kills Plasmodium cells.  The first full paragraph on p. 272 ("Investigations of the proposed mechanisms…") addresses this issue.  Note that the T3.5-heme interaction experiments were done at a pH of 5.2 because this is the approximate pH of the digestive vacuole.
Questions for lab notebook
1.  The Abstract states, "Haem remains an immutable and vulnerable target, because it is not parasite-encoded…."  Why is the fact that it's not parasite-encoded a good thing from a drug-development perspective?
2. This paper doesn't provide the pKa of T3.5, but a previous paper from the same group (http://www.ncbi.nlm.nih.gov/pubmed/17846138) lists similar compounds as having pKa's of 9.8-10.7.  Do pK's in this range allow for acid trapping, as claimed by the paper?  Explain.  (Hint: acid trapping of chloroquine is discussed at http://en.wikipedia.org/wiki/Chloroquine#Pharmacokinetics.) 
3. Chloroquine and quinine are no longer useful antimalarial drugs because resistance has become so widespread.  Based on the data presented in this paper, does T3.5 seem likely to be distributed as an antimalarial drug, or is further refinement of its structure probably necessary?

4. The legend of Figure 2 refers to mean FIC indices. This is not explained in the text, but you should be able to take a guess at what a mean FIC index is and how it is calculated.  For example, in Figure 2a, the mean FIC index is 0.97 for the D6 data and 0.72 for the Dd2 data.  What would the mean FIC be for two perfectly additive drugs?  How do deviations from that value allow you to determine the degree of synergy?
5. The final paragraph of p. 272 refers to the "drug therapy" component of the malaria eradication effort.  What other components should be included in this effort?
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