
DISSERTATION 

 

THE PH-DEPENDENT ACTIVITY AND THE PROTONOPHORIC MECHANISM OF 

PYRAZINOIC ACID AND ITS STRUCTURAL ANALOGUES 

 

 

 

 

Submitted by 

Fabio Levi Piedade Neto Guerra Fontes 

Graduate Degree Program in Cell and Molecular Biology 

 

 

 

 

In partial fulfillment for the requirements 

For the Degree of Doctor of Philosophy 

Colorado State University 

Fort Collins, Colorado 

Fall 2019 

 

 

Doctoral Committee: 

 Advisor: Dean C. Crick 

 Co-Advisor: Debbie C. Crans 

 
 Deborah Roess 

 Eric Ross 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by Fabio Levi Piedade Neto Guerra Fontes 2019 

All Rights Reserved 



ii 

ABSTRACT 
 
 
 

THE PH-DEPENDENT ACTIVITY AND THE PROTONOPHORIC MECHANISM OF 

PYRAZINOIC ACID AND ITS STRUCTURAL ANALOGUES 

 
 
 
 Pyrazinamide is an anti-tubercle drug used in the standard treatment regimen against 

Mycobacterium tuberculosis, the cause of tuberculosis infections.  The mechanism of action of 

pyrazinamide requires its enzymatic conversion to pyrazinoate, but the final molecular target of 

pyrazinoate is controversial.  Pyrazinamide also exhibits pH-dependent activity in vitro, but the 

phenomenon was seldom explained by the mechanisms of action proposed in literature.  Moreover, 

pyrazinamide is known to synergize with other anti-mycobacterial drugs in vivo but reports of this 

synergistic activity in vitro are scarce.  The work presented here aimed to gain insight on the 

mechanism of action of pyrazinamide that explains both its activity and the pH-dependent behavior 

in vitro, while seeking to understand the synergism of pyrazinamide in vitro.   

The results presented here show the pH-dependent activity is not caused by pH sensitivity 

of M. tuberculosis, as the data demonstrates the bacilli are able to maintain pH homeostasis in a 

pH range between 5.5 and 7.3.  Additionally, M. tuberculosis actively replicates in physiologically 

extreme pH environments (pH 5.5 and pH 8.5), albeit at a slower rate than at neutral pH values.  

Mycobacterial cultures treated with pyrazinoic acid showed growth inhibition that correlates with 

the relative concentration of the acid (but not of its conjugated base, pyrazinoate).  Treatment with 

pyrazinoic acid also leads to concentration-dependent acidification of the cytoplasm of 

mycobacterial bacilli and concentration-dependent dissipation of the electric potential across the 

cytosolic membrane.  These results led to the conclusion that pyrazinoic acid, but not pyrazinoate, 
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is the active form of pyrazinamide.  The mechanism involves the enzymatic conversion of 

pyrazinamide into pyrazinoate.  Pyrazinoate then crosses the cytosolic membrane and is exposed 

to the acidic environment, where an acid-base equilibrium is established with pyrazinoic acid.  

Pyrazinoic acid crosses the membrane and reaches the cytosol, where the more neutral pH leads 

to the loss of the proton it carried from the extracellular environment.  The acid-base equilibrium 

outside the cell generates a higher relative concentration of pyrazinoic acid as the pH of the 

environment becomes more acidic, leading to the pH-dependent activity of pyrazinamide.  The 

work presented here demonstrates the pH-dependence is not replicated by other anti-tubercle 

drugs, such as rifampin, isoniazid or bedaquiline.  However, structural analogues of pyrazinoic 

acid, such as salicylic acid, and a known protonophore, carbonyl cyanide m-chlorophenyl 

hydrazone, mimic the pH-dependent growth inhibition of pyrazinoic acid.  A model for the 

pH-dependent activity of these compounds was derived, based on chemical assumptions.  The 

model demonstrates that pyrazinoic acid acts as a protonophore, causing the disruption of proton 

motive force, and that this mechanism is only possible if no other cellular target exists. 

The synergism of pyrazinoic acid with rifampin and isoniazid in vitro was determined, 

using the median effect principle, at different pH environments.  Additionally, salicylic acid was 

tested in combination with rifampin or isoniazid to determined if the drug-drug interactions of 

pyrazinoic acid with these drugs was mimicked by its structural analogues, like its mechanism was 

shown to be.  The results indicate pyrazinoic acid behaves additively with both rifampin and 

isoniazid in vitro, which was seen in salicylic acid as well.  The data indicates that the drug-drug 

interactions of pyrazinoic acid are replicated by salicylic acid.  Additionally, the results suggest 

the synergism of pyrazinamide in vivo may originate from some type of host effect that was not 

present in the in vitro studies conducted. 
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Chapter 1 

Pyrazinamide 

 

 Tuberculosis (TB) is an infectious disease responsible for the death of 1.3 million people 

in 2017 alone.1  The standard regimen against infections with Mycobacterium tuberculosis, the 

etiological cause of TB, includes rifampin, isoniazid, ethambutol and pyrazinamide (PZA).  While 

the other drugs in the regimen have known mechanisms of action,2–4 PZA’s molecular target 

remains unknown.  Additionally, M. tuberculosis is mildly resistant to PZA in vitro, when optimal 

growth conditions are used.5  When used in combination in vivo, however, PZA exhibits synergism 

with other anti-tubercle drugs, leading to a reduction of the time required for treatment with the 

standard regimen from 12 to 6 months.6,7  The use of PZA with other drug combinations have also 

been recommended,8 despite the lack of understanding on the mechanism of PZA’s synergism.  

Thus, the poorly understood activity of PZA has hindered the development of antibiotics with 

similar properties against M. tuberculosis. 

 

Historical background 

 The discovery of PZA’s anti-mycobacterial properties occurred simultaneously at the 

Merck Laboratories and at the Lederle Laboratories, in 1952, using a mouse model.9,10  The studies, 

which also discovered the anti-tubercle activities of isoniazid and ethaniomide,11,12 were conducted 

following the reports of the inhibitory activity of nicotinamide in M. tuberculosis, in a murine 

model.13  The use of PZA to successfully treat human TB patients was reported shortly 

afterwards.14  The activity of PZA in vitro was also examined and it was concluded that PZA was 

only active against M. tuberculosis in vitro at acidic pH.15  In 1967, PZA was also shown to be a 
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pro-drug, requiring activation by a mycobacterial nicotinamidase, PncA (Figure 1.1).16  While the 

activity of PZA was comparable to that of isoniazid in patients with TB, the high doses required 

for the treatment of TB with PZA and the subsequent liver damage led to PZA being used mainly 

as a second-line drug until the early 1980s.17  A study conducted in East Africa, however, indicated 

a combination between PZA and rifampin shortened the time required for disease clearance by 

half and, with the HIV/AIDS epidemics amplifying the number of TB patients, PZA was added to 

the standard regimen.6,7  Currently, the World Health Organization recommends the use of PZA 

in, at least, the first couple months of the regimen in first-line combinations, while use of PZA in 

second-line is still advisable for most combinations.8 

 

In vivo activity of pyrazinamide 

 The discovery of PZA as an anti-TB drug occurred in a murine model, but human studies 

were reported almost simultaneously.9,10,14  In mice, PZA was shown to exhibit prolonged activity, 

with an initial delayed effect (~2 days).18,19  However, PZA is not active in guinea pigs with no 

proven explanation for the differential activity in the two animal models.  In humans, PZA used 

alone was shown to reduce initial TB symptoms, such as fever and cough.14  Additionally, was 

shown to be as effective as rifampin when any of the drugs were added to regimens containing 

isoniazid and streptomycin.6  The observation led to the discovery of PZA’s synergy with rifampin 

Figure 1.1 – Pyrazinamide conversion by PncA.  
Pyrazinamide requires enzymatic conversion inside the 
bacterium by a nicotinamidase, PncA, to pyrazinoic acid.  
Mutations in PncA are the cause of over 95% of the cases of 
resistance to PZA in patients. 
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when subsequent studies were implemented,7 which led to PZA’s addition to the standard regimen. 

 The activity of PZA against M. tuberculosis inside macrophages is controversial, with 

reports asserting either bacteriostatic or bactericidal effect in intracellular bacilli,20–22 while other 

literature describes no inhibitory effect of PZA in mycobacterial cells inside macrophages.23,24  

Additionally, pyrazinoic acid (POA), the product of PZA’s conversion by PncA (Figure 1.1) was 

shown to be inactive against cultured macrophages infected with M. tuberculosis.25,26  Hypotheses 

to explain the different observations were presented elsewhere,27 based on the small but significant 

experimental protocols used in all the reports.  Recently, it was shown that PZA also exhibits 

differential activity dependent on the pathology of the TB lesions.28  The different pH of the lesions 

was suggested as the explanation for this observation,29 correlating with previous observations on 

the requirement of acidic pH for PZA activity.15 

 

In vitro activity of pyrazinamide 

 As described above, PZA’s activity was initially shown to require acidic environments,15 

acting in a pH-dependent manner in vitro.30  The pH-dependence is reported to correlate with the 

Henderson-Hasselbalch equation.27  The activity of PZA is higher in acidic environments and gets 

progressively worse as the pH increases.30  The pH-dependent activity was also demonstrated with 

POA, albeit PZA showing lower efficacy at the same pH values and POA exhibiting mild, but 

observable activity in neutral environments while PZA does not.27  The activity of PZA in neutral 

environments is stimulated by overexpression of PncA,31 suggesting POA undergoes efflux after 

conversion from PZA. 

 Multiple mechanisms of action have been proposed for PZA.27,32–35  Independent studies 

have recently suggested POA inhibits PanD, an enzyme involved in the pantothenate biosynthetic 
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pathway.32,33  Pantothenate is a precursor of coenzyme A (CoA) and it was shown to antagonize 

the activity of PZA.32  The enzyme PanD acts as an aspartate decarboxylase, resulting in the 

synthesis of β-alanine, and both β-alanine and pantetheine were shown to also antagonize PZA’s 

and POA’s activity.32,33  As pantothenate, pantetheine and β-alanine are all downstream of PanD 

in the pantothenate pathway, the results suggest POA may target this pathway.  Additionally, POA 

was also shown to inhibit the activity of GpsI, a bifunction enzyme involved in the metabolism of 

RNA, single-stranded DNA and guanosine tetraphosphate.34  Recently, PZA was also shown to 

inhibit NadC, a quinolinic acid phosphoribosyltransferase; POA was also shown to inhibit NadC, 

but the inhibition was weaker than when PZA was used.35  However, none of the mechanisms 

described above provide any insight into the pH-dependent activity of PZA and POA. 

 Conversely, POA was proposed to cause the acidification of the cytoplasm of 

M. tuberculosis.27  The mechanism suggested involves the conversion of PZA by PncA into POA 

inside the cytosol and posterior efflux of POA to the exterior of the mycobacterial bacilli.  In an 

acidic extracellular environment, the acid-base equilibrium of POA would shift towards the 

protonated form of the acid (as seen in Figure 1.2), when compared with the acid-base equilibrium 

inside the cell.  This form can permeate the mycobacterial membrane and transport protons across, 

Figure 1.2 – The acid base equilibrium of pyrazinoic 
acid.  In solution, pyrazinoic acid is in equilibrium 
with its conjugated base, pyrazinoate, and the relative 
amounts of each form depend on the pH of the 
solution and the pKa of pyrazinoic acid, following the 
Henderson Hasselbalch equation. 
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leading to the eventual acidification of the cytoplasm.27  This mechanism is pH-dependent and is 

similar to the mechanism describing the activity of chemical uncouplers.36 
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Chapter 2 

Mechanisms of action of chemical uncouplers 

 

 The reducing products of glucose respiration, such as NADH and FADH2, provide a source 

of electrons and energy that the enzyme complexes in the electron transport chain (ETC) can use 

to drive protons through a semi-permeable membrane and against the concentration gradient.  

Additionally, electrons flow from these initial donors to oxygen, which accepts the electrons to 

form water (as seen in Figure 2.1).  The electron flux occurs through a series of oxidation-reduction 

reactions catalyzed by the enzymes in the ETC.  The energy produced through these reactions is 

used to shuttle the protons across the membrane and the electrochemical potential generated by 

this process is then converted to the high-energy ATP bonds by the ATP synthase.  The flux of 

protons and electrons was described by Mitchell in 1961 and provides the basis of his 

chemiosmotic theory.1  The chemiosmotic theory was developed to explain ATP synthesis by 

mitochondria, but also describes the prokaryotic energy production mechanism,2,3 given the 

following assumptions:  

 a) the membrane separating the reducing environment that provides electrons to the ETC 

and the environment to which protons are being transferred to is essentially impermeable to ions, 

including protons.1  The topology of this membrane is distinct in eukaryotic cells, where the ETC 

and ATP synthase machinery exist in the inner membrane of mitochondria,4 and prokaryotic cells, 

which have the complexes responsible for most of the energy production embedded in the cytosolic 

membrane.3 

 b) the respiratory chain consists of proton translocators and electron carriers, which use the 

energy obtained from the oxidation of substrate to transport protons from the proton-poor side of 
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the membrane to a proton-rich side of the membrane.  This proton flux is accompanied by electron 

transfer to cofactors (such as FAD or iron-sulfur clusters) or electron carriers (such as ubiquinone 

or menaquinone) to a final electron acceptor (commonly oxygen or others, in the case of anaerobic 

cells).1,3–5 

 Based on these assumptions above, a proton electrochemical potential is generated by the 

movement of ions across the semi-permeable membrane.1  Mitchell designated this potential as 

proton motive force, or PMF.  Apart from the role in ATP synthesis,2 PMF is utilized for a variety 

of cellular processes, from suppling the energy for bacterial flagellar movement to xenobiotics 

efflux.3,6  The conservation of PMF, in particular in bacteria given the absence of specialized 

compartments, is an active process that cells maintain by regulating ion gradients across 

Figure 2.1 – Mitchell’s chemiosmotic theory.  Peter Mitchell postulated the electron flux through the electron 
transport chain (ETC) generated energy which was used to establish an electrochemical potential across the membrane. 
The electrons going through the ETC are accepted by oxygen to form water while the electrochemical gradient is 
converted to ATP through translocation of a proton along the gradient by ATP synthase, which converts the potential 
energy into a phosphate-phosphate bond in ATP.  The electrochemical gradient is mainly generated through efflux of 
protons, which led Mitchell to designate the potential as proton motive force. 
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membranes.7  During his derivation of PMF, Mitchell demonstrated how PMF depends on two 

components: the electric potential across the membrane (ΔΨ), which reflects the overall charge 

separation across the membrane, and the gradient of protons (ΔpH), resulting in a differential pH 

environment on each side of the membrane.2  In eukaryotes, the control of PMF is achieved by 

maintaining the concentrations of charged entities in the matrix and in the intermembrane space 

and through the acidification of the intermembrane space and regulation other ions’ concentration 

on both sides of the mitochondrial inner membrane.4  In prokaryotes, the control is exerted at the 

cytoplasm level, as PMF is established with the extracellular environment;7,8 therefore, it is 

impossible for the cell to regulate the concentrations of the environment.  In both cases, however, 

dissipation of either ΔΨ or ΔpH has been shown to lead to PMF disruption,9 despite the existence 

of compensatory mechanisms.7  The disruption of PMF was shown to be a regulatory mechanism 

in mitochondria, involving the efflux of protons or other ions by uncoupling proteins,10 but in most 

cases, this disruption is a catastrophic event that leads to cell growth arrest.11  Thus, chemical 

uncouplers, known to be able to disrupt one (or both) components of PMF, can lead to catastrophic 

events and, in the case of bacteria, have the potential to be used as chemotherapeutic agents.12,13 

 

Mechanisms of uncoupling activity 

 While mitochondria and bacteria have highly regulated mechanisms to control PMF, other 

compounds have been discovered to cause disruption of PMF.  These xenobiotics are structurally 

and mechanistically diverse and are traditionally grouped under the same designation: uncouplers.  

The nomenclature originated from the ability to uncouple the oxidative processes in the ETC from 

the ADP phosphorylation by the ATP synthase.2  The structural nature of uncouplers ranges from 

small molecular weight molecules (such as 2,4-dinitrophenol, also termed DNP) to peptides (such 
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as gramicidin or valinomycin).2  Given the structural diversity, the mechanisms of action of the 

various uncouplers is also diverse, albeit with a common target: uncouplers affect PMF, either 

disrupting one of its components or both. 

 Valinomycin is an ionophore able to transport cations across a semi-permeable membrane 

down the membrane electrochemical potential.14  While valinomycin can transport Na+, Cs+, Rb+ 

and NH4
+, the binding constant to K+ was shown to be the highest at ~106 M-1.15  Mechanistically, 

valinomycin acts as a uniporter of cations, transporting these ions in a single way through the 

membrane and, as such, collapsing ΔΨ and causing the disruption of PMF through this collapse.14  

Gramicidin is also known to lead to increased permeabilization of the membrane to the ions 

transported by valinomycin, but gramicidin acts in a distinct way: a gramicidin dimer 

spontaneously forms in the presence of a membrane, creating a ion-permeable pore that causes the 

disruption of membrane ΔΨ like valinomycin.16  Hence, both valinomycin and gramicidin are 

commonly used in the bioenergetics field due to their uncoupling activity. 

 Nigericin is also used in bioenergetics studies, given its ability to collapse PMF.14  While 

valinomycin acts as a uniporter cation transporter, nigericin (and the structurally similar monensin) 

behaves like an antiporter shuttle.  The catalytic mechanism of nigericin involves the protonation 

of its carboxylic acid in the proton-rich side of the membrane (corresponding to the mitochondrial 

intermembrane space or the extracellular environment, in bacteria).  The protonated nigericin 

diffuses through the membrane, reaching the proton-poor side of the membrane (the matrix in 

mitochondria and the cytoplasm in bacteria).  Here, the carboxylic group loses its proton as a 

consequence of the acid-base equilibrium at the proton-poor side of the membrane favoring the 

formation of the charged form of nigericin.  Then, the charged nigericin forms a complex with a 

K+ ion, folding around the cation.17  Monensin forms a similar complex with Na+, but the 
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mechanism is otherwise identical to that of nigericin.14  The nigericin-K+ complex will then diffuse 

through the membrane to the proton-rich side of the membrane, where the cation will be exchanged 

for a proton (given the more favorable acid-base equilibrium of the carboxylic acid group in the 

proton-rich environment) and the cycle will start anew.17  This electroneutral cycle means nigericin 

causes a collapse of the ΔpH, but not of ΔΨ, as the exchange of a proton for a K+ implies the 

overall charge is maintained.  However, the proton flux leads to a change in the proton gradient 

across the membrane and, therefore, a dissipation of the ΔpH. 

 Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and DNP are examples of another 

class of uncoupler that behaves differently from valinomycin or nigericin.  The mechanism of 

action of these uncouplers involves the transport of protons across the membrane,18 similarly to 

the mechanism described for the first step of the catalytic cycle of nigericin.  Yet, while nigericin 

then conjugates with a cation counterion, CCCP or DNP do not, and the mechanism can vary from 

that point, as described below.  These ionophoric uncouplers that specifically transport protons are 

called protonophores, although the names classical or chemical uncouplers can also be found.  

Since the flux of positively charged protons is not compensated by an inverse flux of a cation, 

protonophores trigger the disruption of PMF through the dissipation of both ΔΨ and ΔpH.19  

Protonophores also share a set of structural similarities, namely the requirement for one (or more) 

protonatable group within its structure and a hydrophobic moiety, such as a benzene-like ring, 

likely to augment the protonophore membrane solubility.9,20 

 However, depending on the specific mechanism cycle, protonophores are often divided 

into two classes: class 1, which follows a monomolecular mechanism (or A- mechanism), and class 
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2, acting through a bimolecular mechanism (or AHA- mechanism).21  An example of a class 1 

protonophore is CCCP,22,23 while DNP operates through a class 2 mechanism.23  In class 1  

protonophores, when the uncoupler is exposed to the proton-rich side of the membrane, the 

compound enters in an acid-base equilibrium between its protonated form (AH) and its conjugated 

base (A-).  The form AH is generally accepted to permeate the membrane at a much faster rate than 

A- and, thus, the AH is more likely to be exposed to the proton-poor side of the membrane.  The 

acid-base equilibrium between AH and A- in the proton-poor side of the membrane is shifted to 

the generation of A- and AH is deprotonated.  The cycle is completed by A- crossing the membrane 

with no counterion like nigericin and is commonly termed as A- mechanism given A- diffusion 

through the membrane.22  The electrogenic transport of protons causes the disruption of PMF 

though both ΔΨ and ΔpH and is illustrated in Figure 2.2 (Panel A).  Class 2 compounds function 

through a bimolecular mechanism, in which the first step is similar to the beginning of the 

mechanism of class 1 compounds: the protonophore is exposed to the proton-rich side of the 

Figure 2.2 – The mechanisms of action of protonophores.  Protonophores have two distinct mechanism of action, with 
the A- mechanism shown in Panel A and the AHA- mechanism shown in Panel B.  The A- mechanism involves the 
monomolecular diffusion of the protonophore to both sides of the membrane, albeit in different states of protonation.  
The AHA- mechanism, however, requires the formation of the heterodimer AHA- for A- to diffuse through the 
membrane and complete the cycle.  The proton-rich side of the membrane corresponds to the intermembrane space of 
mitochondria or the extracellular milieu of bacteria, while the proton-poor side corresponds to the mitochondrial 
matrix or the bacterial cytosol.  Adapted from McLaughlin and Dilger.23 
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membrane and enters in an acid-base equilibrium between AH and A-.  The AH form diffuses 

through the membrane and reaches the proton-poor side of the membrane where it loses the proton.  

However, instead of freely crossing the membrane, in class 2 protonophores the A- form forms a 

heterodimer with a molecule AH and it is under the AHA- dimer form that A- crosses the 

membrane.  The AHA- dimer falls apart on the proton-rich side of the membrane, releasing A- and 

the cycle starts anew, with A- in equilibrium with AH.23  Therefore, the class 2 mechanism has 

been termed AHA- mechanism.  Examples of protonophores acting through this mechanism 

include DNP and salicylic acid, the active form of aspirin.  The cycle is shown in Figure 2.2 (Panel 

B). 

 The ability for uncouplers to be utilized as antibiotics is far from a novel concept,24 but has 

gained traction as new drugs are found to behave as uncouplers or to exhibit uncoupling activity 

under specific conditions.12,13,25  Moreover, previously reports show uncouplers may also heighten 

the activity of other antibiotics.25,26  Thus, the potential for use of classical or novel uncouplers of 

PMF as antibiotics exists and may open the way to new classes of compounds used against 

infectious diseases.   

 The work presented here proposes that pyrazinamide (PZA), a first-line anti-tubercle drug, 

acts as a protonophore.  The growth inhibitory activity of PZA was shown to exhibit pH-dependent 

in vitro,27 which would be explained by the general mechanism of chemical uncouplers.  Moreover, 

the activity of PZA requires the conversion to pyrazinoate, the conjugated base of pyrazinoic 

acid.28–31  The acid-base equilibrium of pyrazinoic acid and pyrazinoate exhibits the same 

properties of the equilibrium between A- and AH.  Additionally, pyrazinoic acid is a structural 

analogue of both benzoic acid and salicylic acid, which were shown to behave like protonophores 

previously.32,33  Thus, the aim of the present work is to investigate the pH-dependent activity of 
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pyrazinoic acid in Mycobacterium tuberculosis, the cause of tuberculosis infections, and to 

determine if pyrazinoic acid behaves as a protonophore, leading to the disruption of PMF in 

mycobacterial cells. 
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Chapter 3 

The acid-base equilibrium of pyrazinoic acid drives the pH dependence of 

pyrazinamide-induced Mycobacterium tuberculosis growth inhibition 

 

 Pyrazinamide (PZA) is an essential component of the antibiotic regimen used to treat 

Mycobacterium tuberculosis, the etiological cause of tuberculosis (TB), infections.  The addition 

of PZA to the first-line treatment of TB led to a decrease in the average time of treatment from 

9-12 months to 6.1,2  PZA also synergizes with second-line antibiotics in vivo and has been part of 

most of the current regimens against multi- and extensively-drug resistant TB.3,4  PZA is a pro-

drug, requiring cytosolic activation by a nicotinamidase (PncA, encoded by Rv2043c).5–7  Thus, 

the deamidation of PZA, specifically forming the deprotonated, negatively charged pyrazinoate 

(POAC),8 is required for activity.6,7  However, once POAC forms in the bacterial cytosol, it rapidly 

establishes an acid-base equilibrium with the protonated, neutral pyrazinoic acid (POAN).  Thus, 

the total pyrazinoic acid (POAT) in the system equals the sum of POAC and POAN, with the relative 

concentrations of the acid and its conjugate base being pH-dependent.  The relative concentration 

of each form in solution are calculated as indicated in Figure 3.1. 

While several molecular targets have been proposed in M. tuberculosis,9–13 the mode of 

action of PZA remains controversial more than 65 years after the discovery of PZA’s anti-tubercle 

activity.  Similarly, the mechanism behind PZA’s synergism is unknown, thwarting the ability to 

replicate or improve on PZA’s impact on the time of treatment.  A third unexplained characteristic 

of PZA is its pH-dependent activity in vitro.  When exposed to PZA in neutral pH environments, 

M. tuberculosis is modestly tolerant to PZA, with high doses of PZA required to produce an 

effect.14  However, when the pH of the culture medium is lowered, the concentration of PZA 



25 

required to produce the same effect is progressively lower.15  A previous report suggested that the 

activity of PZA can be predicted by the Henderson-Hasselbalch equation (HHE, Figure 3.1), based 

on results showing PZA’s pH-dependent activity in acidic environments.16  Zhang and Mitchison 

argued that the ratio of POAC to POAN correlates with the minimum inhibitory concentrations 

(MIC) reported by Salfinger.15,16  However, the distinction between POAC and POAN is seldom 

considered in studies of PZA. 

Of the multiple potential targets for POAT (or PZA without hydrolysis) proposed in recent 

literature, none provides a simple explanation for the pH-dependent activity of PZA.9–13  The 

proposed targets are all cytosolic enzymes or enzymatic activities.  For an enzymatic activity to be 

affected by environmental pH, the likely explanation is that PZA uptake is altered.  However, two 

separate studies agree that PZA uptake in mycobacteria is independent of environmental pH, ruling 

out this possibility.17,18  Furthermore, it has been suggested PZA (or its active form) may target the 

pH stress mechanism triggered at low extracellular pH;19 however, this hypothesis does not explain 

the ability to predict the efficacy of PZA using the HHE.  The observations that formation of a 

form of POAT is required to activate PZA and that its effect is altered in a predictable manner by 

Figure 3.1 – Effect of pH on the relative amount of POAN.  The percentage of POAN was calculated using 
the Henderson-Hasselbalch equation (HHE), assuming a pKa of 3.62 (determined using Chemicalize, 
www.chemicalize.com). 
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the pH of the environment, suggest that either the bacteria do not maintain cytoplasmic pH 

homeostasis or that POAT is exposed to the external environment prior to action. The loss of pH 

homeostatic control could explain the acidification of the cytoplasm proposed elsewhere.16  

 The exposure of one or both forms of POAT to the extracellular environment is supported 

by previous observations of POAT in the supernatant of cells treated with PZA.18  Zhang and 

Mitchison suggest POAC leaves the cell (either by efflux or diffusion) and, given the lower pH of 

the environment relative to the cytoplasm, the acid-base equilibrium of POAT shifts towards 

POAN.  They propose POAN then enters the cell through diffusion or an active mechanism, causing 

acidification of the cytoplasm.16  Nevertheless, cytoplasmic acidification has not previously been 

shown to occur in live cells14,18 and the only evidence for such a phenomenon comes from 

treatment of membrane vesicles with POAT.20  Furthermore, the dependence of PZA’s activity on 

pH has been questioned, with reports that both overexpression of PncA and lower temperatures 

(28 °C versus 37 °C) lead to PZA susceptibility in neutral environments.14,21   

Hypothetically, the existence of a pH-dependent activity could be linked to the mechanism 

of action of PZA and/or to the mechanism of synergism with other anti-tubercle drugs.  Therefore, 

the present work was carried out to investigate the mycobacterial pH homeostasis changes with 

environmental pH and if the pH homeostasis of M. tuberculosis is affected during treatment with 

PZA. 
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Results 

Mycobacterium tuberculosis H37Ra growth in different pH environments.   

 Supplemented 7H9 broth (pH 5.5, 7.0 or 8.5) was inoculated with bacilli and growth in 

culture was followed over a period of five days.  The results are shown in Figure 3.2.  The cells at 

the extreme pH values tested (5.5 and 8.5) were still able to replicate, although at a much slower 

rate than at neutral pH, suggesting that M. tuberculosis H37Ra maintains viability despite the stress 

induced by the two extremes of environmental pH. 

 

Dependence of pyrazinoic acid-induced growth inhibition of Mycobacterium tuberculosis 

H37Ra on pH. 

The results presented in Figure 3.3 show the pH-dependent growth inhibition of 

M. tuberculosis H37Ra caused by exposure to POAT over a range of environmental pH values  

(6.4-7.3), which corresponds to the pH range likely to be encountered in the host organism.22–27  

Figure 3.2 – Effect of environmental pH on M. tuberculosis growth.  M. tuberculosis H37Ra cells were 
grown in supplemented 7H9 broth, harvested and re-suspended in supplemented 7H9 broth at the indicated 
pH.  Cultures incubated at 37 °C for 5 days and optical density at 600 nm was determined every 24 hours.  
Values shown are the averages of three independent replicates, with standard deviation shown as error bars.  
Dashed lines between data points were added for ease of visualization. 
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The concentrations required to inhibit 50% growth (GIC50) were calculated from the growth rates 

observed at 120 hours of incubation with POAT. 

 While the growth rates near neutrality (pH 6.7-7.0) are similar, the effect of pH on bacterial 

growth is evident in M. tuberculosis at the extremes of the environmental pH values tested (6.4 

and 7.3, with a 2-fold decrease from the growth rates observed in neutral pH environments).  The 

use of kinetic growth measurements allows for unconfounded determination of the GIC50 for each 

pH, represented graphically in Figure 3.4.  The GIC50 values linearly correlate with the 

environmental pH (R2 = 0.97).  

 

Mycobacterium tuberculosis H37Ra pH homeostasis.   

To determine if M. tuberculosis maintains a constant cytoplasmic pH over a range of 

environmental pH values, a constant ionic strength buffer (MMA) containing 2',7'-bis-(2-

carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM) was inoculated 

Figure 3.3 – Effect of POAT on M. tuberculosis H37Ra growth.  M. tuberculosis H37Ra was grown in 
supplemented 7H9 broth containing the indicated POAT concentrations at 37 °C.  The OD600 was measured 
every 24 hours for 5 days, with the growth rate at day 5 shown.  Growth rate are expressed in terms of change 
of OD600 divided by the time of exposure.  The results shown are the averages of four independent replicates, 
with standard deviation shown as the error bars.  The regression line was calculated using a non-linear 4 
parameter Emax model. 
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with bacilli. The results are presented in Figure 3.5.  The fluorescence ratio 485/440 is dependent 

on the internal pH of cells when BCECF-AM is used; BCECF-AM is not fluorescent, but upon 

exposure to the cytoplasm, the acetoxymethyl ester modification is hydrolyzed by non-specific 

esterases.  The resulting 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) 

fluoresces in a pH-dependent manner.28  In acidic medium (pH 5.5-7.0), the fluorescence ratio is 

stable, indicating the dye-loaded cells maintain a constant internal pH over that range. As the pH 

of the assay buffer becomes increasingly alkaline (pH 7.6-8.5), the fluorescence ratio increases 

linearly with the external pH, suggesting M. tuberculosis H37Ra no longer controls the 

cytoplasmic pH and, therefore, the pH homeostasis seen in acidic environments is lost as the 

external pH increases.  The internal pH of M. tuberculosis H37Ra was estimated as the intercept 

of the two linear trends, at pH = 7.3,  which is consistent with the measurements described by Rao 

and colleagues in Mycobacterium smegmatis and Mycobacterium bovis BCG using a different 

methodology than the one described above.29 

 

Figure 3.4 – POAT concentration responsible for 50% growth inhibition.  The GIC50 values extracted from 
the Emax model regression are presented at each external pH tested (pHo).  The error bars of each point 
correspond to the standard error calculated during the regression.  The calculated linear regression and 
corresponding R2 value are shown. 
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Pyrazinoic acid effect on proton motive force of Mycobacterium tuberculosis H37Ra.   

The pH-dependent effect of POAT has been associated with its ability to cause acidification 

of the cytoplasm of M. tuberculosis, despite the unsuccessful attempts to demonstrate such an 

event.14,18  A property of semi-permeable membranes, proton motive force (PMF) is a measure of 

the potential energy stored in the form of the electric potential (ΔΨ) and the proton gradient (ΔpH, 

internal pH minus environmental pH) across the membrane.  To cause a disruption of PMF, one 

(or both) of these components must be affected.  The effect of a range of concentrations of POAT 

on both the internal pH and the ΔΨ of M. tuberculosis H37Ra was evaluated using fluorescence 

ratiometric techniques to test if POAT has an effect on PMF. 

 The results in Figure 3.6 show the effect of POAT on the pH differential across 

mycobacterial membrane (ΔpH) when bacilli were exposed to different external pH values.  The 

percentage of ΔpH remaining was estimated taking the BCECF’s 485/440 ratio after 30 minutes 

incubation with POAT for each replicate and dividing the ratio by the ΔpH (the estimated internal 

pH minus the pH of the MMA buffer).  The average of the non-treated replicates (dimethyl 

sulfoxide, DMSO, control) was considered 0% dissipation or 100% remaining ΔpH.  The results 
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indicate POAT causes the acidification of the cytoplasm in a concentration-dependent manner.  The 

dissipation of the pH gradient is more obvious when the pH of the MMA buffer is lower.  

 The acidification of the cytoplasm by POAT alone may lead to disruption of PMF, but it 

was unclear if POAT also affected the ΔΨ of M. tuberculosis H37Ra, as an increase in ΔΨ can 

counteract the decrease of cytoplasmic pH to maintain PMF.30  A ΔΨ-dependent fluorescent dye, 

DiOC2(3), was used to determine if POAT also caused dissipation of mycobacterial ΔΨ under the 

same conditions used to observe the cytoplasmic acidification.  Figure 3.7 shows the change of 

ΔΨ in M. tuberculosis H37Ra exposed to a range of POAT concentrations, at different MMA buffer 

pH values, after incubation with POAT for 30 minutes.  The percentage of ΔΨ remaining shown 

in Figure 3.7 was calculated based on the fluorescence ratio of DiOC2(3) at 590/540, with 100% 

corresponding to the ratio of the buffer alone subtracted from the ratio of the untreated control 

(DMSO only).  As seen in both the growth inhibition and the internal pH dissipation experiments, 

Figure 3.5 – Effect of environmental pH on cytoplasmic pH in M. tuberculosis H37Ra.  M. tuberculosis
H37Ra cells were suspended in MMA buffer at the indicated external pH (pHo).  BCECF-AM was added and 
fluorescence emission 540 nm was recorded at 37 °C, with excitation at both 440 and 485 nm.  The results 
shown are averages of four replicates. Error bars indicate standard deviation.  The dashed lines correspond 
to the linear regressions between pH 5.5-6.7 and 7.6 8.5, with the intercept of the lines corresponding to the 
estimated internal pH (pH = 7.3).   
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the membrane potential disruption by POAT is dependent on the pH of the MMA buffer and the 

concentration of POAT.  The disruption is more evident when the environmental pH is 5.5 and it 

seems to plateau at around 25% of the membrane potential.  The disruption is progressively less 

obvious as the pH of the MMA buffer increases, which is consistent with the previous observations 

for growth inhibition and cytoplasmic acidification. Thus, there is a clear collapse of both 

components of PMF that correlates with the pH of the culture medium. 

 

Discussion 

Mycobacterium tuberculosis H37Ra growth in different pH environments. 

 The present work aims to clarify the pH-dependent activity of PZA, with two hypotheses 

considered.  Either M. tuberculosis cannot maintain pH homeostasis in acidic environments, 

leading to acidification of the bacillary internal pH and to a change in the acid-base equilibrium of 

Figure 3.6 – Effect of POAT concentration on ΔpH over a range of external pH values.  M. tuberculosis
H37Ra cells were incubated in MMA buffer containing 0.5 µM BCECF-AM at the indicated pH and 
concentration of POAT for 30 minutes.  Fluorescence was measured at 37 °C with excitation at 440 and 485 
nm and emission recorded at 540 nm with four replicates for each concentration of POAT.  The percentage 
of ΔpH remaining was estimated with the BCECF’s 485/440 ratio after 30 minutes of incubation with POAT
divided by the estimated ΔpH (using pH 7.4 as the cytoplasmic pH); the untreated (DMSO control) was 
considered 100%.  Dashed lines between data points were added to facilitate visualization of trends. 
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POAT trapped inside the mycobacterial cells, or POAT is exposed to the extracellular milieu and 

undergoes further conversion to its active form.  The initial approach to understand the 

pH-dependent activity of PZA entailed the evaluation of the viability of M. tuberculosis H37Ra in 

acidic, neutral and alkaline environments (Figure 3.2).  The results show a short lag phase in the 

neutral environment followed by consistent replication, while in both acidic and alkaline 

environments longer lag phases (~48h, compared to less than 24h at pH 7.0) and slower growth 

rates were observed.  The data is supported by previous reports of mycobacterial growth in acidic 

environments.31  The adaptation of M. tuberculosis to acidic environments and the mycobacterial 

metabolic changes responsible for the adaptation have been described elsewhere.31–33  However, 

results indicate M. tuberculosis H37Ra is still viable in acidic and alkaline environments, even if 

pH stress causes a metabolic slowdown, suggesting mycobacteria possess mechanisms to endure 

both acid and alkaline environments.  Additionally, the similar growth response of M. tuberculosis 

to the extreme environmental pH values tested (pH 5.5 and 8.5) suggests the pH-dependent activity 

Figure 3.7 – Effect of POAT concentration on ΔΨ over a range of external pH values.  M. tuberculosis H37Ra 
cells were incubated in MMA buffer at the desired external pH, in the presence of 2 µM DiOC2(3) and a 
range of concentrations of POAT.  Fluorescence was measured with excitation at 440 nm and emission at 540 
and 590 nm, at 37 °C.  The fluorescence ratio 590/540 was converted to percentage of the difference between 
no treatment with POAT (DMSO control) and no cells (buffer only control).  The results shown are the 
average of four independent replicates.  Error bars indicate standard deviation and dashed lines between data 
points were added to ease visualization of trends. 
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of PZA (and/or POAT) is independent of stress caused by the environmental pH.  The efficacy of 

PZA should increase at higher pH environments if the activity of the antibiotic was, simply, linked 

to mycobacterial stress.  However, this increase has not been reported previously nor observed in 

the work presented here.  

 The results shown in Figure 3.2 also led to changes in subsequent experimental design.  

The longer lag phase at pH extremes indicated M. tuberculosis undergoes a metabolic adaptation 

to different pH environments and such changes, coupled with antibiotic treatment, could obfuscate 

or amplify the drug effect.  Thus, cultures intended for drug susceptibility assays were incubated 

at the final pH of the assay until the bacterial culture was in exponential growth phase, assuring 

metabolic pre-adaptation to the pH of the assay.  Furthermore, mycobacterial drug susceptibility 

assays are often conducted with endpoint measurements, comparing the drug activity after a 

prolonged incubation with the compound of interest. However, given the different growth rates in 

different pH environments, comparisons of absolute growth can confound growth rate and drug 

efficacy.  Therefore, growth rates, as previously reported,34 were determined in order to minimize 

discrepancy.  Moreover, utilizing growth rate inhibition, drug susceptibility can be determined 

with significantly shorter incubation times (5 days, compared to the usual 10 or more days in 

resazurin-based microtiter plate assays).  The methodology used also ensures the surveillance of 

inhibitor stability throughout the assay and the ability to observe time-dependent effects, as 

recently reported for fluorinated anthranilate-induced inhibition of M. tuberculosis growth.35 
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Dependence of pyrazinoic acid-induced growth inhibition of Mycobacterium tuberculosis 

H37Ra on pH. 

 The growth inhibition of M. tuberculosis H37Ra by POAT is shown in Figure 3.3, with the 

calculated GIC50 values plotted in Figure 3.4, demonstrating the pH-dependent effect of POAT is 

detectable even over small increments of environmental pH.  These observations are supported by 

previous reports of POAT activity dependence on pH.14,36  The use of kinetic growth 

measurements, as opposed to the use of endpoint growth measurements as an evaluation of drug 

effect, has the benefit of minimizing the impact of the slower growth seen at pH 6.4 and 7.3 on the 

determination of drug toxicity.  Thus, it is possible to determine the GIC50 at each pH (Figure 3.4).   

The external pH values used were chosen so that the proton concentration at each point 

differs from the next pH tested by a factor of 2.  The GIC50 observed doubles at each increase of 

pH increment, so the efficacy of POAT in M. tuberculosis decreases linearly (R2 = 0.97, Figure 

3.4) as the proton concentration of the medium decreases.  As such, POAT exhibits around 8-fold 

greater potency at pH 6.4 than at pH 7.3 (530 µM versus 4000 µM).  The results are consistent 

with the increase in the relative amount of POAN in the extracellular milieu, which, using the HHE, 

is 8-fold more abundant at pH 6.4 than at pH 7.3.  The calculated POAN GIC50 is ~950 nM at all 

of the pH values tested.  Thus, the active form of PZA appears to be POAN rather than POAC. 

 As indicated earlier, formation of POAN is dependent on pKa, providing an explanation for 

the multiple reports that lower temperatures enhance PZA’s activity.21,37  Hertog and colleagues 

reported that PZA has increased efficacy in neutral pH environments at 28 °C (compared to 

cultures treated with PZA at 37 °C), with exception of PncA-linked resistant strains where no 

effect was detected at either temperature;21  Coleman and colleagues made similar observations, 

with a wider range of temperatures (16-37 °C).37  Hertog’s report on PncA mutants demonstrated 
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that PZA deamidation is required and the temperature-dependent effect linked to POAT.  Given 

that pKa increases as temperature decreases,38 the relative amount of POAN in solution at 37 °C is 

lower than at temperatures below 37 °C.  Similarly, reports of increased PZA susceptibility of 

M. tuberculosis at neutral pH when PncA is overexpressed14 can be explained by an increase in 

the amount of POAT (and, consequentially, POAN) in solution, supporting the hypothesis that 

PZA’s activity is dependent on POAN. 

 

Mycobacterium tuberculosis H37Ra pH homeostasis. 

 The viability of M. tuberculosis H37Ra in acidic and alkaline environments is insufficient 

to assess the ability of mycobacteria to maintain internal pH homeostasis during exposure to acidic 

and alkaline environments.  The internal pH of M. tuberculosis H37Ra at a range of external pH 

values was determined using the pH-sensitive fluorescence of BCECF, as shown in Figure 3.5.  

Consistent with earlier reports,29,39 M. tuberculosis H37Ra maintains a stable internal pH when 

exposed to external pH values ranging between 5.5 and 7.0.  The work of Rao and colleagues with 

M. smegmatis and M. bovis BCG shows the increase of the pH gradient across the membrane 

(ΔpH), as the external pH decreases, indicating a stable internal pH, also results in a decrease of 

the electric membrane potential (ΔΨ).  Thus, the bacilli maintained a stable proton motive force 

(PMF) in addition to a stable internal pH.29  The equilibration of ΔpH and ΔΨ to maintain stable 

PMF has been observed in other bacterial species as well.30,40 The increase in internal pH as the 

environmental alkalinity increases above pH 7.0 (Figure 3.5), while newly observed in 

mycobacteria, has previously been described in other bacterial species.41–45 

 The current models for TB pathogenesis suggest that M. tuberculosis bacilli encounter a 

variety of pH environments, ranging from 5.0 to 7.6,22–27 a range over which M. tuberculosis is 
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able to maintain a stable cytoplasmic pH.  Thus, the ability of M. tuberculosis to survive the 

immunological responses of the host may be linked to the bacillus’s ability to withstand acidic 

environments, as previously suggested by Vandal and colleagues,39 and mycobacterial pH 

homeostasis may offer a potential effective drug target as proposed elsewhere.46–48  Furthermore, 

if stress was  related to PZA’s activity, as previously suggested,19 an increase of antibiotic efficacy 

might be expected in the higher pH environments tested, which does not occur.  Hence, 

acidification of the cytosol of M. tuberculosis in the presence of POAT is, likely, attributable to 

drug activity alone. 

 

Pyrazinoic acid effect on proton motive force of Mycobacterium tuberculosis H37Ra. 

 While it was previously suggested POAT causes acidification of the bacillary cytoplasm,16 

attempts to observe the phenomenon in live cells showed no change in the mycobacterial internal 

pH.14,18  Still, POAT was shown to cause a change in ΔΨ in a concentration-dependent manner49  

and to dissipate PMF in mycobacterial membrane vesicles, through the acidification of the 

vesicular core.20  The compensation mechanism between ΔΨ and the internal pH to maintain PMF 

across the membrane has been widely observed in bacteria, including in M. bovis BCG and 

M. smegmatis.29,30,40 

 Here, the effect of POAT on the internal pH of live mycobacterial bacilli was investigated 

using a constant ionic strength buffer, a common practice in classic bioenergetics studies, whereas 

previous attempts used traditional supplemented culture media.14,18,49  The use of supplemented 

media may lead to interference caused by the components of the medium or the supplements, such 

as albumin.  Previous reports indicated albumin adsorbs POAT (up to 75% with 10% albumin in 

the medium), as well as, fluorescent dyes similar to the ones used in the present work.36,50  
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Albumin, however, does not adsorb PZA.36  Thus, a constant ionic strength buffer (supplemented 

by glucose and KCl) was used as the assay medium to estimate the impact of POAT in the pH 

environment of the cytoplasm, following previously published recommendations.38  The use of 

MMA buffer overcame two potential sources of interference: the buffer was designed to contain 

exclusively Good’s buffers, avoiding the use of buffers (such as phosphate or citrate) that could 

penetrate the cytoplasmic membrane and buffer cytoplasmic pH changes caused by POAT.  

Additionally, the MMA buffer maintains constant ionic strength (100 mM) within the range of pH 

values used throughout the work presented here (5.5-8.5), preventing variations in ionic strength 

that could obfuscate the effect of POAT on the mycobacterial PMF homeostasis.  Therefore, the 

use of MMA buffer was instrumental to observe the disruption of PMF in M. tuberculosis. 

 The percentage of ΔpH remaining after dosage with POAT in different pH environments 

was determined and the results plotted in Figure 3.6.  The decrease in internal pH shown is 

dependent on the concentration of POAT and on the environmental pH, with the highest drug 

efficacy observed at the lowest pH tested (pH 5.5).  The dissipation of ΔpH by POAT is supported 

by previous reports on mycobacterial membrane vesicles20 and the pH-dependent effect is 

consistent with the observations of the growth inhibition assays (Figure 3.3 and Figure 3.4), 

suggesting that both phenomena stem from a similar mechanism.  The cytoplasmic acidification 

was independent of exposure to acidic environment (Figure 3.5) and, therefore, the pH-dependent 

effect is likely caused by POAT exposure to the external environment.  Hence, the observations 

suggest POAT, after PZA’s deamidation, leaves the cell via an unknown mechanism, which is 

supported by previous observations.18 

 The percentage of ΔΨ remaining after treatment with POAT in different pH environments 

(Figure 3.7) was determined using the fluorescence dye DiOC2(3), which exhibited a similar 
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behavior to the assay on ΔpH.  The dissipation of both ΔpH and ΔΨ results in the collapse of PMF 

upon administration of POAT.  The ΔΨ dissipation is supported by observations reported 

elsewhere.49  Previous work showed that, in low pH environments (pH 5.0-5.5), the activity of 

POAT is comparable to the effect of dinitrophenol and benzoic acid, two compounds known to 

dissipate PMF.49  The pH-dependence on the dissipation of both ΔpH (seen in Figure 3.6) and ΔΨ 

(shown in Figure 3.7) suggests that POAN may be the active form of PZA and that the phenomena 

is determined by pKa and the acidity of the medium.  The results indicate that POAT seems to cause 

a maximum of 75% ΔΨ dissipation, implied by the apparent plateau at 25% of remaining ΔΨ 

(Figure 3.7).  The observation suggests the cytoplasmic membrane maintains structural integrity 

in the presence of POAT, resulting in the containment of charged molecules other than protons, 

which also contribute to ΔΨ within the cytoplasm.  Loss of membrane integrity would cause the 

complete dissipation of ΔΨ. 

 At the concentrations that result in 50% growth inhibition (Figure 3.4) less than 50% 

disruption of PMF was observed (Figure 3.6 and Figure 3.7).  However, POAT growth inhibition 

assays were conducted over 5 days, whereas the incubations to estimate PMF disruption were only 

30 minutes long.  Hence, the different incubation times are believed to reconcile the difference in 

growth inhibition and PMF disruption.  Similarly, Lu and colleagues observed that the presence 

of POAT in their mycobacterial membrane vesicle model caused PMF disruption within 20 minutes 

of incubation; the same report shows that POAT treatment induces a time-dependent decrease of 

ATP level in M. bovis BCG with 83% reduction in ATP levels after incubation with POAT for 6 

days.  Lu concluded that the two effects were connected and that POAT led to the depletion of ATP 

through disruption of PMF.20  The observations in the present work suggest a similar cascade effect 

and the growth inhibition would, therefore, be an expression of the secondary effects of POAT.  
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The hypothesis that PZA targets PMF through the acidification of the cytoplasm provides an 

elegant explanation for previous observations, such as the slow decrease in ATP levels upon 

dosage with POAT or the increased effect of PZA in non-replicating bacilli.20,36  However, the 

results shown above cannot rule out a contribution by pH-induced stress in growth inhibition or 

POAN acting as an inhibitor of an enzyme inside mycobacterial bacilli. 

 The interplay between the two components of PMF, ΔΨ and ΔpH, was reported before in 

mycobacteria and other genera.29,30,40  Bacteria use PMF to power a variety of processes, including 

proton-dependent efflux and oxidative phosphorylation; disruption of PMF has been associated 

with loss of function in these processes, as expected.51–53  Classical PMF inhibitors like nigericin 

and CCCP (carbonyl cyanide-m-chlorophenylhydrazone), act as chemical uncouplers, so called 

for their ability to uncouple oxidative processes from phosphorylation in ATP synthesis.  The 

activity of uncouplers relies on the compound’s ability to transport ions, usually protons, across 

the cytosolic membrane and, as such, through equilibration between the cytoplasmic environment 

and the environment the cells are exposed to.  The models for the mode of action of these 

compounds assume passive diffusion across the membrane or an active mechanism to facilitate the 

transport;54 the uncertainty surrounding the exact mechanism is in line with recent controversy 

regarding drug uptake.55–58  

In the case of uncouplers that only shuttle protons, both ΔpH and ΔΨ are disrupted and the 

cytoplasmic pH equilibrates with the pH of the external medium.  The activity of these proton 

shuttles, or protonophores, relies on the distinct acid-base equilibria within and outside the cell; 

the protonated (neutral) species of the protonophore serves as the proton carrier and releases the 

proton inside the cell, with the charged form (deprotonated) of the protonophore free to cross the 

membrane once more and be protonated again.  Thus, protonophores show pH-dependent activity, 
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with their cell toxicity increasing as the external pH decreases, in a manner that correlates with the 

concentration of the neutral species of the compounds.54 

 

Conclusions 

 Succinctly, the acid-base equilibrium of pyrazinoic acid drives the pH dependence of 

pyrazinamide-induced M. tuberculosis growth inhibition, which is dependent on the concentration 

of POAN.  Upon intracellular conversion from PZA, the POAC in the cytoplasm rapidly undergoes 

acid-base equilibration with POAN.  POAT then moves to the extracellular medium via an unknown 

mechanism.  Once outside of the mycobacterial cell, POAT is exposed to the lower pH of the 

medium, shifting the equilibrium between POAC and POAN towards POAN as predicted by the 

HHE.  As the pH of the medium is decreased, and the ΔpH across the membrane increases, the 

equilibrium shift is amplified.  This implies that the POAN in the medium may act as a 

protonophore, carrying protons through the semi-permeable cytoplasmic membrane and, on 

exposure to the higher pH of the cytosol, releasing protons within the cell.  The resulting 

cytoplasmic acidification causes disruption of both ΔpH and ΔΨ, collapsing PMF, which, in turn, 

leads to inhibition of PMF-dependent processes and, ultimately, growth inhibition.  

 

Materials and Methods 

 All reagents were purchased from Sigma-Aldrich except when noted.  Middlebrook 7H9 

broth was purchased from Becton Dickinson and albumin from GoldBio.  The fluorescent dyes 

used were purchased from Invitrogen.  All reagents were of, at least, reagent grade and used 

without further purification. 
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Mycobacterium tuberculosis H37Ra culture methods.  

 M. tuberculosis H37Ra cultures were grown under standard conditions.  Frozen glycerol 

stocks of M. tuberculosis H37Ra were thawed and used to inoculate Middlebrook 7H9 medium, 

supplemented with oleic acid-albumin-dextrose (OAD, 10% v/v), 0.1% v/v tyloxapol and 0.2% 

w/v casamino acids (supplemented 7H9 broth).  If necessary, the pH of the medium was adjusted 

with sodium hydroxide or hydrogen chloride.  Culture flasks were incubated at 37°C with constant 

agitation.  Cells were harvested at an optical density at 600 nm (OD600) between 0.6-0.8 and further 

processed according to the requirements of each experiment. 

 

Mycobacterium tuberculosis H37Ra grown in acidic and alkaline environments.  

 To determine the ability of M. tuberculosis H37Ra cells to replicate under acidic or alkaline 

environments, cells were grown in supplemented 7H9 broth without adjustment of pH.  The culture 

was allowed to reach an OD600 within the range 0.6-0.8, upon which cells were harvested, 

centrifuged for 15 minutes using a Beckman CS-6R centrifuge at 1500 x g.  The cells were washed 

with fresh medium at the desired pH (5.5, 7.0 or 8.5) and resuspended to a final OD600 of 0.05 in 

clear glass tubes (culture volume was 2 mL, with a head space of 8 mL of air).  Cultures were 

incubated at 37°C with constant rocking.  The OD600 was recorded every 24 hours for 5 days using 

a Beckman DU 640 spectrophotometer; cultures were aerated every day after OD600 

measurements. 

 

pH-dependent growth inhibition of Mycobacterium tuberculosis H37Ra by pyrazinoic acid. 

 The pH-dependent inhibitory effect of POAT on the growth of M. tuberculosis cells was 

determined using the growth inhibitory assay developed by Gruppo and colleagues.34  Cells of 
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M. tuberculosis H37Ra were grown, harvested, centrifuged using a Beckman CS-6R centrifuge at 

1500 x g and washed with fresh culture medium (supplemented 7H9 broth).  The pH of the culture 

media was adjusted with sodium hydroxide or hydrochloric acid to obtain pH values ranging from 

6.4 to 7.3 in 0.3 pH unit intervals.  The cells were then resuspended in the culture medium at the 

desired pH and incubated at 37°C with constant agitation until an OD600 between 0.6 and 0.8 was 

reached, to acclimatize the bacilli to the pH of the medium.  The cultures were subsequently 

harvested, centrifuged as described above and washed with fresh medium at the desired pH value.  

The cells were resuspended to an OD600 of 0.1 and aliquots of 198 µL were transferred to 96-well 

microtiter plates containing one zirconia bead per well (diameter ~1 mm) to assist with agitation 

and aeration.  Aliquots of 2 µL of a range of concentrations of POAT dissolved in DMSO, 

including an aliquot containing no POAT as a blank, were added to the plate and the OD600 was 

recorded using a BioRad Benchmark Plus plate reader. The OD600 was determined every 24h over 

5 days, with the incubation between time points occurring at 37°C with constant rocking of the 

plates within a sealed plastic bag containing a damp paper towel to maintain humidity and prevent 

evaporation.  Growth rates were calculated by determining the slope of the growth curve at each 

time point.  The GIC50 values were calculated using a non-linear 4-parameter Emax regression 

model. 

 

MMA buffer preparation.  

 The determination of pH homeostasis in M. tuberculosis and the analysis of the effect of 

POAT on the internal pH of the cells required a buffer where ionic strength fluctuations across a 

wide pH range were minimized and the components of the buffer were unable to permeate the 

bacillary membrane.  As such, a buffer containing 25mM of 2-(N-morpholino)ethanesulfonic acid 
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(MES), 25mM of 3-(N-morpholino)propanesulfonic acid (MOPS) and 50mM of 2-amino-2-

methyl propanol (AMP) was prepared, following recommendations reported elsewhere, with a 

constant ionic strength of 50 mM.38  pH was adjusted as required by addition of sodium hydroxide.  

Potassium chloride (50 mM, contributing to an overall ionic strength of the buffer of 100 mM) and 

glucose (90 mM) were added to each buffer solution to establish a potassium gradient and to 

energize the cells, respectively.  The variation of ionic strength between the pH interval used 

throughout the work presented here (5.5-8.5) was calculated to never exceed 2%. 

 

Mycobacterium tuberculosis H37Ra pH homeostasis assessment.   

 The pH homeostasis of M. tuberculosis H37Ra cells was assessed following the protocol 

used by Ozkan and colleagues,28 with minor modifications.  M. tuberculosis H37Ra cells were 

grown to exponential phase as described above, harvested, and washed twice with MMA buffer at 

the pH of the assay (pH values tested ranged from 5.5 to 8.5, in 0.3 pH units increments).  After 

centrifugation at 1500 x g on a Beckman CS-6R centrifuge, the cells were resuspended in MMA 

buffer at the required pH to an OD600 of 0.3 and aliquots of 198 µL were transferred to a 

black-walled microtiter plate with a zirconia bead in each well.  Background fluorescence was 

recorded for 10 minutes (in 2 minute intervals) at 37°C on a Biotek Synergy HT with excitation at 

440 nm and 485 nm and emission at 540 nm.  After the background fluorescence was determined, 

0.5 µM of BCECF-AM was added to the cells.  Fluorescence was recorded until the 485/440 ratio 

was constant, which took between 30 to 60 minutes, depending on the pH of the MMA buffer. 
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Effect of pyrazinoic acid on the internal pH of Mycobacterium tuberculosis H37Ra cells. 

 M. tuberculosis H37Ra cultures were grown as described above, upon which the cells were 

harvested, washed twice with MMA buffer and resuspended in MMA buffer at the desired pH to 

an OD600 of 0.3, after which aliquots of 196 µL were transferred into a black-walled 96-well titer 

plates with one zirconia bead in each well.  Fluorescence was recorded as described above, with 

10 minute incubation without dye and 30 minute incubation with BCECF-AM; afterwards, aliquots 

of 2 µL of a range of concentrations of POAT dissolved in DMSO (with DMSO without POAT 

serving as a blank) were added to the cultures and fluorescence was recorded for another 30 

minutes. 

 

Effect of pyrazinoic acid on the transmembrane electric potential of Mycobacterium 

tuberculosis cells. 

 The transmembrane membrane potential was determined following a modification of the 

procedure originally reported by Novo and colleagues.59  M. tuberculosis H37Ra cells were grown 

under the conditions detailed above and harvested by centrifugation.  The pellet obtained was 

washed twice with MMA buffer and resuspended at the desired pH to a final OD600 of 0.3.  Aliquots 

of the cultures were then transferred into black-walled 96-well microtiter plates with a zirconia 

bead in each well.  Background fluorescence was obtained with a Biotek Synergy HT, using an 

excitation at 440 nm and emission at 540 and 590 nm, for 10 minutes (2-minute intervals) at 37°C.  

The membrane potential-dependent fluorescent dye DiOC2(3) was added to the wells at 2 µM and 

fluorescence was recorded for 30 minutes, at which point the 590/540 ratio was constant.  A range 

of POAT concentrations, dissolved in DMSO, was added to the wells and fluorescence measured 

for 30 minutes.  The resulting 590/540 ratio is proportional to the transmembrane electric potential, 
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as described by Novo and colleagues,59 and can be used to determine the change in membrane 

potential caused by POAT.  
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Chapter 4 

Pyrazinoic acid mimics the activity of protonophores against Mycobacterium tuberculosis 

 

 Pyrazinamide (PZA) is an antibiotic used in combination with other anti-tubercle in 

standard treatment regimen for tuberculosis (TB) infections.1  While PZA’s mode of action is still 

unclear,2 multiple reports show PZA requires conversion to pyrazinoate (POAC) by a 

mycobacterial enzyme to exhibit antibacterial activity.3–6  In solution, the charged, deprotonated 

POAC exists in equilibrium with the neutral, protonated pyrazinoic acid (POAN) and the total 

pyrazinoic acid (POAT) in solution consists of the sum of the concentration of both forms 

(POAN + POAC).  A recent report showed that the pH-dependent growth inhibitory effect of PZA 

in Mycobacterium tuberculosis in vitro depends on the differential concentration of POAN between 

the bacillary cytoplasm and the environment.7  The same report posits POAN acts as an uncoupler 

of oxidative phosphorylation, leading to a cascade of secondary effects that leads to growth arrest 

and may explain the synergism PZA exhibits with other anti-tubercle drugs. 

 Peter Mitchell’s chemiosmotic theory describes that the establishment of a proton 

electrochemical gradient across the membrane is generated through oxidative processes and then 

utilized to generate ATP.8  Substrate oxidation during the electron transport chain (ETC) drives 

the generation of an electrochemical potential, designated as proton motive force (PMF), with two 

components associated to it: the electric potential (ΔΨ), stemming from all the charged species on 

both sides of the membrane, and the proton concentration gradient (ΔpH), expressed as the 

differential of pH environments between the cytoplasm and the extracellular medium.  The 

dissipation of one of these components can lead to disruption of PMF, although compensatory 

mechanisms have been reported elsewhere.9,10  Uncouplers of oxidative phosphorylation are a class 
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of compounds able to, through various mechanisms, decouple substrate oxidation from the 

phosphorylation of ADP into ATP.11  Ionophores, such as valinomycin, cause PMF’s disruption 

by dissipation of ΔΨ alone while others, such as nigericin, act by dissipation of ΔpH alone.  

Valinomycin acts as a semi-permeable pore, allowing the flux of charged species (mostly K+) 

through the membrane, which does not affect the proton gradient or the pH differential across the 

membrane.  Thus, valinomycin’s mechanism is electrogenic.  Nigericin, however, operates as an 

antiporter transporter, sequestering and shuttling protons from the more acidic environment in the 

extracellular medium to the more neutral cytoplasm and crossing the membrane back to the 

extracellular space with a counterion in the form of a monovalent cation (usually K+), making 

nigericin’s mechanism charge neutral.  These uncouplers have been used widely as controls in 

classical bioenergetics studies of oxidative phosphorylation.  A third case of ionophoric disruption 

of PMF relates to chemicals that can dissipate both ΔΨ and ΔpH; carbonyl cyanide m-chlorophenyl 

hydrazone is an example of such a compound.  In solution, the neutral, protonated 

N-(3-chlorophenyl)carbonohydrazonoyl dicyanide (CCCPN) exists in equilibrium with its charged, 

deprotonated form, 1-(3-chlorophenyl)-2-(dicyanomethylene)hydrazine-1-ide (CCCPC), and the 

total carbonyl cyanide m-chlorophenyl hydrazine (CCCPT) is the sum of concentrations of each 

species.  The equilibrium between CCCPN and CCCPC drives its activity as ionophore: in an acidic 

environment outside the cell, a fraction of CCCPT exists as CCCPN.  The membrane permeability 

of CCCPN was shown to be higher than that of CCCPC,12 which results in CCCPN being more 

likely to cross the membrane than its conjugated base, CCCPC.  Upon exposure to the cytoplasmic 

environment, the higher pH leads to a different acid-base equilibrium between CCCPN and CCCPC, 

expressed by the Henderson-Hasselbalch equation (HHE), which results in the release of protons 

to the cytoplasm.  While the mechanism of action of CCCPT involves the efflux of CCCPC (without 



58 

a counterion), the critical event for the uncoupling activity of CCCPT is the release of protons by 

CCCPN.  Therefore, CCCPN disrupts ΔpH if its flux into the cells is greater than the flux of protons 

generated by the cell in the opposite direction.  Furthermore, since the flux of CCCPC occurs 

without the use of a counterion, as in the case of nigericin, the uncoupling event caused by CCCPT 

is electrogenic, leading to dissipation of ΔΨ.  Since the activity of CCCPT and compounds with 

similar mechanism relies uniquely on the transport of protons, the compounds are termed 

protonophores, to distinguish the activity from other ionophores.  Additionally, as the mechanism 

described above suggests, the activity of protonophores is pH-dependent, as the flux of the 

protonated form of the compound is dependent on the available concentration of this form, which, 

in turn, depends on the pH of the solution as described by the HHE.  Protonophores share structural 

similarities, such as the requirement of a protonatable group for activity and of a hydrophobic 

moiety that increases membrane solubity.11,13 

 Similarly to CCCPT, small weak acids have been shown to exhibit protonophoric activity.14  

2,4-dinitrophenol was one of the examples used by Mitchell to demonstrate protonophore-driven 

uncoupling in light of his chemiosmotic theory,8 and many more weak acids exhibit analogous 

activity since then.14–18  The activity of benzoic acid (BENN) as a food preservative was recently 

explained through the interaction of BENN and its conjugated base, benzoate (BENC), with 

membranes.  The mechanism involves protonophoric activity of BENN.18 Salicylic acid (SALN), a 

structural analogue of BENN, is an interesting example, as it exhibits activity as protonophore, as 

well as other, more traditional, pharmacological targets.16,17,19  However, the chemical nature of 

POAN as a weak acid is seldom considered when its mode of action is investigated, even if the 

structural similarity between POAN and both BENN and SALN warrants investigation into potential 

similar mechanisms of action.  Furthermore, evidence exists that a form of total benzoic acid 
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(BENT, equal to BENN + BENC) has a similar effect on the mycobacterial ΔΨ as POAT.20  

Additionally, para-aminosalicylic acid, a structural analogue of salicylic acid, was one of the first 

antibiotics discovered against M. tuberculosis.21,22  The chemical structure of other anti-tubercle 

drugs, like isoniazid or rifampin, also shows protonatable groups that could, in theory, enable 

protonophoric activity to these antibiotics.  Thus, the aim of the present work is to compare the 

activity of a number of anti-mycobacterial drugs with POAT and structural analogues of POAT and 

attempt to gain insight into the potential mechanism of action of PZA.  

 

Results 

Figure 4.1 shows the structures of the compounds used in the work presented here.  The 

acronyms used for each compound follow the same trend throughout the text: the protonated form 

of the compound shows a subscript N and the deprotonated a subscript C; when referring to both  

 

 

Figure 4.1 – Structures of the anti-mycobacterial drugs and POAT structural analogues used.  The dashed-line box 
groups POAT with the compounds referred throughout the text as its structural analogues. 
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Table 4.1 – QSAR model coefficients 

 

forms or when the form present is unclear, a subscript T is used, standing for N + C, as explained 

above for the cases of POAT, CCCPT and BENT.  For compounds with multiple pKa values, the 

pKa closest to neutral pH was used (Table 4.1). 

 

 pH-dependent drug susceptibility in Mycobacterium tuberculosis H37Ra.  The 

pH-dependent activity of POAT in vitro has been established in multiple reports.7,23–25  However, 

the effect of pH on the activity of other anti-tubercle drugs is rarely considered, despite the 

pathogenesis models for M. tuberculosis suggesting exposure to a wide range of pH 

environments.26–31  Figure 4.2 shows the concentration responsible for 50% of growth inhibition 

Compound pKa* TN (µM-1) TC (µM-1) R2 

     

No pH-dependent activity 

BDQT 8.91 24 ± 2 360 ± 160 0.30 

CFZT 6.63 0 ± 2 6 ± 1 0.30 

INHT 3.35 0 ± 840 6.3 ± 0.4 0.01 

PAST 3.68 100 ± 460 4.0 ± 0.5 0.01 

RIFT 6.55 50 ± 7 60 ± 4 0.00 

     

pH-dependent activity 

POAT 3.62 1.10 ± 0.09 0 ± 0.0001 0.96 

BENT 4.08 0.20 ± 0.02 0.0003 ± 0.0001 0.94 

PICT 5.52 0.007 ± 0.001 0.0001 ± 0.0001 0.91 

SALT 2.79 10 ± 0.5 0.0015 ± 0.0001 0.98 

CCCPT 5.81 0.60 ± 0.02 0.050 ± 0.003 0.98 
*pKa values obtained through Chemicalize (www.chemicalize.com). 
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(GIC50) of bedaquiline (BDQT), clofazimine (CFZT), para-aminosalicylic acid (PAST), isoniazid 

(INHT) and rifampin (RIFT) over a small, physiologically relevant range of environmental pH 

values (6.4-7.3).  All of the anti-mycobacterial drugs shown in Figure 4.2 have different molecular 

targets and, with the exception of BDQT,32 there is no evidence reported in literature of ionophoric 

activity by any of the drugs.  The results shown in Figure 4.2 demonstrate none of the compounds 

tested exhibits pH-dependent activity against M. tuberculosis, within the pH range tested. 

 The results shown in Figure 4.3 represent, graphically, the GIC50 values of the POAT 

analogues tested, as well as the GIC50 values for POAT and CCCPT, over the range of 

environmental pH previously used (6.4-7.3).  The data demonstrates POAT, CCCPT and all of the 

POAT analogues exhibit pH-dependent growth inhibitory activity against M. tuberculosis.  

Additionally, CCCPT exhibits the highest efficacy in growth inhibition of all the compounds in 

Figure 4.3, with SALT showing the lowest GIC50 among the POAT analogues.  All the compounds 

shown in Figure 4.3 also exhibited higher GIC50 values than the results for the compounds shown 

in Figure 4.2. 

Figure 4.2 – Effect of pH on the growth inhibition of M. tuberculosis by known anti-tubercle drugs.  
M. tuberculosis H37Ra were incubated at 37°C in supplemented 7H9 broth with a range of concentrations of 
the specified antibiotic.  The OD600 was measured every 24 hours for 5 days, with growth rates calculated by 
determining the slope at each time point.  The GIC50 were calculated with the growth rates of day 5, from 
four independent replicates.  The GIC50 values extracted from the Emax model regression are presented at each 
external pH tested (6.4-7.3).  The error bars of each bar correspond to the standard error calculated during 
the regression. 



62 

Modeling pH-dependent activity in Mycobacterium tuberculosis H37Ra.  Quantitative 

structure-activity relationship (QSAR) models have been previously used to determine the activity 

of drugs or poisons with pH-dependent properties.  The model presented in Equation 4.1 (and 

Equation 4.2 in the Materials and methods section) was derived (Appendix A) from acid-base 

equilibrium chemistry and adapted from the work of Könemann and Musch.33  The GIC50 values 

obtained during the drug susceptibility assays were used and the goodness of fit to the model 

(Equation 4.1) was determined, with the coefficients TN and TC extracted from the fit.  TN stands 

for the inverse of the concentration of the protonated form of the compound tested responsible for 

50% of the growth inhibition caused by that form and TC stands for the inverse of the concentration 

of the deprotonated form of the compound tested responsible for 50% of the growth inhibition 

enacted by the deprotonated species. 

 ଵୋ୍େఱబ = T୒ ∙ ଵ଴ష౦ౄଵ଴ష౦ ାଵ଴ష౦ ౗ + Tେ ∙ ଵ଴ష౦ే౗ଵ଴ష౦ౄାଵ ష౦ే౗ Equation 4.1 

The coefficients TN and TC and the coefficient of determination (R2) for each of the compounds 

used in the present work are shown in Table 4.1.  As expected, the compounds that showed no 

Figure 4.3 – Effect of pH on the growth inhibition of M. tuberculosis by POAT, structural analogues of POAT
and CCCPT.  Mycobacterial cultures were grown in supplemented 7H9 broth at 37°C and incubated with a 
range of concentration of the specified compound for 5 days.  The OD600 was measured every 24h and growth 
rates determined by calculating the slope of the growth curve at each time point.  The GIC50 values shown 
were determined with the growth rates of day 5 regression of an Emax model for each environmental pH value 
(6.4-7.3), using four replicates.  The error bars shown correspond to the standard error extracted during the 
regression. 
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pH-dependent activity exhibit poor goodness of fit, while the compounds with clear pH-dependent 

activities fit the model.  Figure 4.4 shows the graphically representation of the fit, including the 

experimental GIC50 points, for CCCPT, PAST, POAT and SALT, as a function of the environmental 

pH used for each GIC50 determination.  As Figure 4.4 shows, the model behavior for CCCPT, 

POAT and SALT is similar, suggesting a similar pH-dependent response.  Moreover, as the 

coefficient values show in Table 4.1, for all the compounds with high R2 values, the value of TN 

is much greater than TC, indicating a higher efficacy of the protonated form of the compounds 

and/or a mechanistic requirement for the formation of the protonated form (the latter being reported 

to be true in both CCCPT and SALT, given their protonophoric activity).16,34 

 

 Cytoplasmic acidification by structural analogues of pyrazinoic acid in 

Mycobacterium tuberculosis H37Ra.  Previous work described how POAT causes the 

acidification of the cytosol of M. tuberculosis H37Ra and suggested the uncoupling of proton 

Figure 4.4 – Regression of the QSAR model for CCCPT, PAST, POAT and SALT.  The GIC50 values (three 
independent replicates) obtained during the drug susceptibility assay were fitted to the model described 
Equation 4.1 and plotted as a function of external pH (pHo).  The R2 values were calculated based on the 
residuals of the regression, and the curves (full line) generated with the coefficients determined during the 
regression. 
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motive force by POAN.7  However, it is unclear if the cytoplasmic acidification is a specific effect 

of POAT or most drugs induce cytosolic pH decrease.  Additionally, given the similar behavior in 

inhibition of growth, the effect on the cytosolic pH environment by CCCPT and SALT, both known 

protonophores, should determine if, as previously suggested, POAT acts as a protonophore.  

Figure 4.5 shows the change in the pH gradient between the cytoplasm and the exterior 

environment (ΔpH) across a range of environmental pH values when the mycobacterial 

suspensions were exposed to concentrations of CCCPT, PAST, POAT or SALT.  The drug 

concentrations were selected to be within the range of effective growth inhibition.  As seen in 

Figure 4.5, CCCPT, POAT and SALT cause cytoplasmic acidification in a concentration dependent 

manner, with higher efficiency in acidification observed at the lowest environmental pH tested for 

all three compounds.  Conversely, PAST does not show disruption of ΔpH within the range of 

growth inhibitory concentrations, suggesting the growth inhibitory mechanism is unrelated to ΔpH 

dissipation and, therefore, disconnected from disruption of PMF.  However, the similarity shown  

 

 

Figure 4.5 – Effect of CCCPT, PAST, POAT and SALT on ΔpH over a range of external pH values.  M. tuberculosis 
H37Ra cells were incubated in MMA buffer containing 0.5 µM BCECF-AM at the indicated pH and concentration 
of the desired analogue for 30 minutes.  Fluorescence was measured at 37 °C with excitation at 440 and 485 nm and 
emission recorded at 540 nm with four replicates for each concentration of compound.  The percentage of ΔpH 
remaining was estimated with the BCECF’s 485/440 ratio after 30 minutes of incubation with analogue divided by 
the estimated ΔpH (using pH 7.4 as the cytoplasmic pH); the untreated (DMSO control) was considered 100%. 
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in Figure 4.5 (and throughout the data shown in the present work) between POAT and two known 

protonophores, CCCPT and SALT, indicate that PZA, through the conversion to POAN, behaves 

like a protonophore as its primary mechanism of action in vitro. 

 

Discussion 

 pH-dependent drug susceptibility in Mycobacterium tuberculosis H37Ra.  The results 

shown in Figure 4.2 and Figure 4.3 demonstrate that the pH-dependent effect of PZA is not 

observed in other anti-tubercle drugs.  However, CCCPT and the structural analogues of POAT all 

exhibited pH-dependent activity, similar to the growth inhibitory effect shown for POAT here and 

supported by previous observations.7  The results imply POAT acts mechanistically like CCCPT 

and the POAT analogues and the pH-dependent activity of these compounds is a consequence of 

their primary mode of action.  The literature on the pH-dependence of PZA in vitro is extensive,7,23–

25 with a recent report providing the first comprehensive explanation for the phenomenon.7  The 

pH-dependent activity of PZA is explained by the protonophoric activity of POAN, first through 

POAC converted from PZA within the cytoplasm and then by an acid-base equilibrium outside the 

cell.  The mechanism relies on POAN transporting protons from the acidic environment to the 

neutral cytoplasm and, consequently, disrupting the PMF in M. tuberculosis.  This mode of action 

has the advantage of providing a cohesive explanation for previous observations during treatment 

with PZA or POAT, such as the decrease in ATP levels upon treatment with POAT in 

Mycobacterium bovis BCG.35  The protonophoric activity of POAN may also elucidate the 

observation that PZA’s efficacy increases at lower temperatures, as the pKa increase as the 

temperature decreases may be accompanied by an increase in the concentration of POAN.  

Additionally, the protonophoric mechanism hypothesis provides an explanation for the synergism 
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of PZA with other anti-mycobacterial drugs36,37 since, by disrupting PMF, POAN may be indirectly 

inhibiting PMF-dependent efflux pumps involved in the resistance mechanism of most antibiotics; 

therefore, the cytosolic concentrations of anti-tubercle drugs would be theoretically higher when 

the efflux pumps activity is inhibited and the activity of these drugs would appear to increase.38,39 

 The effect of environmental pH on the activity of non-PZA anti-mycobacterial drugs is 

seldom studied, in contrast with the well-established pH-dependence of PZA in vitro.  The drugs 

used in the present work were chosen to provide a range of molecular targets of M. tuberculosis. 

Thus, both BDQT and CFZT target energy production, albeit with different modes of action,40,41 

while INHT has been linked to multiple targets, including cell wall biosynthesis inhibition, nucleic 

acid synthesis inhibition and reactive oxygen and nitrogen species generation.42–48  After 

endogenous conversion into its active form, PAST is reported to inhibit the folate pathway49,50 and 

RIFT is a well-described, wide-spectrum, inhibitor of DNA-dependent RNA polymerase.51  As 

Figure 4.2 demonstrates, none of the anti-mycobacterial drugs mentioned above exhibit 

pH-dependent activity within the range of environmental pH values tested.  The observations of 

Bartek and colleagues support the results shown here for RIFT,52 but for the other antibiotics 

mentioned above, no previous reports on their activity at different environmental pH were found.   

 In M. tuberculosis, BDQT inhibits the F1F0-ATP synthase, binding to the a-c subunit of the 

F0 complex of the ATP synthase and leading to depletion of ATP.40  However, BDQT was reported 

to act as a H+/K+ ionophore in Escherichia coli membrane vesicles,32 but E. coli lacks the BDQT 

binding site.53  Additionally, the results in Figure 4.2 show BDQT exhibits no pH-dependent 

activity, which are supported by observations described elsewhere.54  Thus, the data implies the 

ionophoric activity of BDQT in mycobacteria is potentially a secondary effect or only possible in 

cases where the BDQT-binding site in the ATP synthase is not present. 
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 Figure 4.3 shows that the pH-dependent growth inhibition of POAT is mimicked by the 

structural analogues used in the present work: BENT, PICT and SALT.  Additionally, given the 

previous report suggesting POAN acts as a protonophore,7 the effect of CCCPT (a well-known 

protonophore) on the growth of M. tuberculosis was determined and the pH-dependence inhibition 

observed is similar to the dependence seen with POAT and the its structural analogues.  The results 

presented in Figure 4.3 suggest the mechanism connected to POAT’s pH-dependent activity is 

similar to the underlying mechanism that produces the pH-dependent activity of all the other 

compounds tested, which further implies that POAN acts as a protonophore. 

 

 Modeling pH-dependent activity in Mycobacterium tuberculosis H37Ra.  The QSAR 

model represented by Equation 4.1 (adapted from Könemann and Musch;33 see Appendix A for 

derivation) was first utilized as a model for the pH-dependent toxicity of phenols in fish.33,55  The 

theoretical framework of the model accounts for independent toxicity of the protonated and 

deprotonated forms of phenols, expressed by the coefficients TN and TC, respectively.  The model 

was adapted to antibiotics targeting bacteria, as seen in Appendix A.  The coefficients extracted 

when the GIC50 values obtained at different environmental pH values for each of the compounds 

used were fit to the model are shown in Table 4.1.  The model fits well for the compounds 

exhibiting pH-dependent activity (Figure 4.3) and is a poor model for the activity of the 

compounds shown in Figure 4.2, as those compounds showed no dependence on the pH of the 

culture medium.  The results, with the model regression line shown, are represented graphically in 

Figure 4.4 for CCCPT, PAST, POAT and SALT. 

 The coefficients presented in Table 4.1 indicate the previous observation that POAN is the 

active form of PZA7 is correct, as the coefficient TC is orders of magnitude lower than TN.  The 
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negligible value of TC (when compared with TN) indicates the contribution of the deprotonated 

form of POAT to the effect is also negligible and the observable effect relies solely on the 

protonated form.  Similarly, the structure analogues of POAT all follow the same pattern, further 

supporting the hypothesis of a common mechanism of action.  Additionally, the concentration of 

POAN responsible for 50% of the growth inhibition (inverse of TN) corresponds to ~910 nM.  A 

similar concentration of POAN responsible for 50% of growth inhibition was previously reported 

elsewhere.7  The equivalent concentration of CCCPN is ~1700 nM.  Thus, theoretically, POAN is 

twice as effective at inhibiting M. tuberculosis growth as CCCPN.  Moreover, the inverse TN 

concentration for SALN is ~100 nM, which would make SALN the best compound at inhibiting 

mycobacterial growth from the ones shown in Figure 4.3.  However, the low pKa of POAN and 

SALN determines that, to achieve the concentrations required to inhibit 50% of growth in neutral 

environments, the concentrations of POAT and SALT are orders of magnitude higher than the 

theoretical concentrations of POAN and SALN needed to induce the inhibitory effect.  Conversely, 

given the higher pKa, CCCPT concentrations are closer to the theoretical CCCPN concentrations to 

achieve a similar effect.  Nonetheless, the results strongly suggest POAN acts as a protonophore, 

given all the similarities described with the known protonophores CCCPN and SALN. 

 Figure 4.4 also shows the experimental results and the poor fit obtained for PAST, which 

reflect the lack of pH-dependence presented in Figure 4.2.  However, PAST is a structural analogue 

of both POAT and SALT, which could imply a similar behavior and mechanism.  Nevertheless, the 

drug susceptibility assays and the QSAR model used here indicate otherwise.  Previous reports 

showed PAST inhibits the folate pathway in M. tuberculosis.49,56  Thus, the existence of an 

endogenous target of PAST, like suggested previously for the case of the ionophoric activity of 

BDQT,32 seems to prevent the protonophoric activity that PAST’s structure suggested.  Besides, as 
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PAST is incorporated into the mycobacterial folate pathway as hydroxyl-dihydropteroate,49 free 

cytosolic PAST is unlikely to exist in the concentrations required for the protonophoric activity. 

 

 Cytoplasmic acidification by structural analogues of pyrazinoic acid in 

Mycobacterium tuberculosis H37Ra.  The drug susceptibility assays at a range of environmental 

pH values and the QSAR model used subsequently provide evidence that the pH-dependent 

activity of POAT is not a universal mechanism in anti-tubercle drugs (Figure 4.2, Figure 4.3 and 

Figure 4.4).  The QSAR model used here also implies POAT’s activity depends on the 

concentration of POAN, a hallmark of protonophoric activity.  Additionally, the results also support 

a shared mechanism of action between POAT and CCCPT, SALT and the other structural analogues, 

although not with PAST, as explained above.  POAT was recently shown to cause rapid cytosolic 

acidification in M. tuberculosis and to dissipate ΔΨ.  These observations were interpreted as an 

indication of a potential protonophoric mode of action.7  Figure 4.5 shows how the cytosolic 

acidification by POAT is also observed when M. tuberculosis H37Ra suspensions are treated with 

CCCPT or SALT, but PAST causes no change in the mycobacterial transmembrane ΔpH at the 

range of concentration that generates PAST-induced growth inhibition.  The cytosolic acidification 

caused by CCCPT is supported by observations described elsewhere.25  A previous report by Zhang 

and colleagues showed similar GIC50 values for BENT and SALT to the ones presented here, but 

they failed to observe any change in the internal pH caused by the two compounds.  Still, they 

showed BENT and SALT-induced ΔΨ disruption in M. tuberculosis H37Ra (but not in 

M. smegmatis).57 

 The mechanism of acidification of the cytoplasm by CCCPT is, however, apparently 

distinct from that of POAT and SALT.  As shown in Figure 4.5, the dissipation of ΔpH by CCCPT 
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seems to vary linearly with the concentration of the compounds while the protonophoric effect of 

POAT and SALT correlate differently with the concentration of the drugs.  These results may be 

interpreted as a reflection of the different protonophoric mechanisms of CCCPT and 

SALT.14,16,17,34,58  The mechanism of CCCPT (termed A-) involves the permeation of the protonated 

CCCPN through the membrane, the release of the proton upon arrival to the cytoplasm and 

subsequent permeation of the deprotonated CCCPC through the membrane to the extracellular 

medium, where CCCPC is protonated into CCCPN and the cycle may begin again.14,34,58  The 

mechanism exhibits the acidification of the cytoplasm commonly associated with uncouplers.  

Moreover, the A- mechanism also expresses the ability of CCCPT (and other uncouplers working 

through the same molecular cycle) to disrupt PMF, since the mechanism is not electron neutral, 

changing ΔΨ as it does ΔpH and, therefore, causing the disruption of PMF.34  However, the 

uncoupling mechanism of SALT has been shown to be distinct from the A- mechanism.14,16,17  

Termed AHA-, the mechanism involves the protonated form of the uncoupler permeating the 

membrane and releasing a proton upon arrival to the cytoplasmic side of the membrane, just as 

described with the A- mechanism.  However, while in the A- mechanism, the uncoupler was able 

to permeate the membrane in its deprotonated form and reach the extracellular environment, the 

AHA- mechanism requires the deprotonated form to establish a complex with a protonated form 

of itself, forming the AHA- complex (in the case of SALT, it requires the SALC to form a complex 

with a molecule of SALN).14,58  The complex is then able to permeate the membrane and the 

deprotonated form of the uncoupler can reach the extracellular medium, available to be protonated 

again and to initiate a new cycle.  As with the A- mechanism, the AHA- mechanism can 

theoretically explain both the acidification of the cytoplasm and the dissipation of the 

transmembrane electric potential, resulting in the disruption of PMF.16,56  While the evidence for 
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chemical uncoupler membrane permeation is vast,9,10,12,16,17,34 recent controversy regarding the 

possibility of passive diffusion of drug-like molecules may lead to different mechanisms being 

postulated in the future.59  Furthermore, the difference in ability to dissipate ΔpH by CCCPT versus 

POAT or SALT might have a different source than the one suggested above, such as different cell 

envelope solubility or other physical chemical or biochemical reason. 

 Still, all the data presented here indicates that POAT acts with a similar mechanism to the 

mode of action of SALT.16,17  While SALT has many other reported mechanisms of action,19 the 

evidence presented here indicates SALT behaves like a protonophore in M. tuberculosis.  

Additionally, Peters and colleagues recently suggested the anti-bacterial activity of BENT in acidic 

environments is caused by the acidification of the bacterial cytosol, in a mechanism similar to a 

protonophore,18 supporting the idea that the structural analogues of POAT share a common 

mechanism of action.  Furthermore, previous reports showed the susceptibility of M. tuberculosis 

H37Ra and M. smegmatis for SALT and BENT, among other weak acids.57  The activity of SALT 

and BENT was also shown to exhibit sterilizing activity against M. tuberculosis H37Ra.60  

However, literature on the impact of SALT or aspirin, the pro-drug form of SALT used 

therapeutically, in TB infections is surprisingly scarce and somewhat controversial.61–64  While 

PZA exhibits activity in vivo, the integration of the antibiotic in the standard regimen for TB 

infections only occurred after the discovery of the synergism between PZA and RIFT.36,37  Aspirin 

and SALT, however, were shown to antagonize the activity of multiple anti-tubercle drugs.65  Still, 

these studies were conducted in neutral pH environments, where SALT is less effective, and, 

therefore, the real nature of the drug-drug interactions between SALT and other antibiotics is still 

unclear.  Studies conducted in mice seem to agree on mild antagonism between SALT and INHT, 

although an increase in bacterial load clearance with a combination of aspirin and INHT was also 
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observed.61  Moreover, SALT was shown to synergize with PZA in a murine model,62 and evidence 

of improved outcome in patients undergoing treatment with PZA (plus INHT and ethambutol) 

when aspirin was added to the regimen exists.66,67 

 

Conclusions 

 The primary mechanism of action of pyrazinamide involves the disruption of proton motive 

force by the active form, pyrazinoic acid.  The mode of action is similar to that of carbonyl cyanide 

m-chlorophenyl hydrazone or salicylic acid, behaving as a protonophore and leading to the 

acidification of the mycobacterial cytoplasm.  Succinctly, the work presented here demonstrated 

that POAT’s pH-dependent activity is mimicked by its structural analogues, such as SALT or 

BENT, but not by other anti-tubercle drugs or by analogues with reported endogenous molecular 

targets, like PAST.  The QSAR model used here supports the requirement for the formation of 

POAN in the mechanistic cycle of PZA, which is equally mimicked by the analogues tested.  

Conversely, the other anti-tubercle drugs tested do not exhibit such requirement.  Finally, the data 

shows how the acidification of the cytosol of M. tuberculosis by POAN is replicated with CCCPT 

and SALT, but not by PAST, a structural analogue of POAT with an endogenous target.  The results 

summarized above indicate the protonophoric activity of POAN is the mechanism responsible for 

the anti-tubercle activity of PZA.  Moreover, the observations with the structural analogues of 

POAN suggest alternatives to PZA may exist already in old pharmaceuticals, like aspirin, or in 

commonly used preservatives, such as benzoic acid. 
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Materials and Methods 

 The reagents used in this work were purchased from Sigma-Aldrich, except when noted.  

Middlebrook 7H9 broth was purchased from Becton Dickinson and albumin from GoldBio.  The 

fluorescent dye used in the cytosolic acidification assay was obtained from Invitrogen.  All 

reagents were used without further purification and were, at least, of reagent grade. 

 

 Mycobacterium tuberculosis H37Ra culture methods.  M. tuberculosis H37Ra cultures 

were grown as reported elsewhere.7  Briefly, frozen glycerol stocks of M. tuberculosis H37Ra were 

thawed and utilized to inoculate Middlebrook 7H9 medium, which was supplemented with oleic 

acid-albumin-dextrose (OAD, 10% v/v), 0.1% v/v tyloxapol and 0.2% w/v casamino acids 

(supplemented 7H9 broth).  The pH of the medium was adjusted with hydrogen chloride or sodium 

hydroxide, when needed.  The culture flasks were incubated at 37°C, under constant agitation.  

Cells were harvested when an optical density of 600 nm (OD600) between 0.6-0.8 was observed.  

Further processing of the cultures was done according to the requirements of individual assays. 

 

 pH-dependent growth inhibition of Mycobacterium tuberculosis H37Ra.  The growth 

inhibition activity of anti-tubercle drugs and POAT analogues was determined as described 

previously.68  Cells of M. tuberculosis H37Ra were grown and harvested, with subsequent 

centrifugation using a Beckman CS-6R centrifuge at 1500x g and then washed with fresh culture 

medium (supplemented 7H9 broth).  The pH of the culture medium was adjusted as described 

above to obtain pH values ranging from 6.4 to 7.3 in 0.3 units intervals.  Cells were resuspended 

in culture medium at the desired pH and incubated until an OD600 between 0.6-0.8 was reached, as 

a way to acclimatize the bacilli to the pH of the medium, as described elsewhere.7  The cells were 
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then harvested, centrifuged as above and washed with fresh medium at the desired pH value.  

Aliquots of 198 µL of resuspended cells at an OD600 of 0.1 were transferred to 96-well microtiter 

plates containing one zirconia bead per well (diameter around 1 mm) to assist with agitation and 

aeration.  Aliquots of 2 µL of a range of concentrations of drug dissolved in dimethyl sulfoxide 

(DMSO) or water (for BENT), including an aliquot containing no drug as a blank, were added to 

the plate and the OD600 was recorded using a BioRad Benchmark Plus plate reader.  The OD600 

was determined over 5 days, with readings every 24h.  Incubation between time points occurred 

at 37°C with constant rocking of the plates within a sealed plastic bag containing a damp paper 

towel to maintain humidity and prevent evaporation.  Growth rates were determined by calculation 

of the slope of the growth curve at each time point.  The calculation of the concentration required 

to inhibit 50% of growth was done using a non-linear 4-parameter Emax regression model. 

 

 Modeling uncoupling activity in Mycobacterium tuberculosis.  Multiple QSAR models 

have been proposed to determine the activity of analogues of poisons or drugs.  However, the 

impact of pH in the activity of these compounds seldom taken into consideration.  Könemann and 

Musch derived,33 based on the work of Tabata,55 a model that accounts for the specific activity of 

each form of an ionizable compound, which is shown in Equation 4. 1.  The derivation of the 

model is provided in the Appendix A. 

 ଵୋ୍େఱబ = T୒ ∙ ଵ଴ష౦ౄଵ଴ష౦ౄାଵ଴ష౦ే౗ + Tେ ∙ ଵ଴ష౦ే౗ଵ଴ష౦ౄାଵ଴ష౦ే౗ Equation 4.2 

with GIC50 corresponding to the concentration to unspecified form of a compound required to 

inhibit 50% of growth and TN corresponding to the inverse of the concentration of the protonated 

form of the compound required to cause 50% inhibition of the effect caused by the protonated 

form of the compound, while TC is the inverse of the concentration of the deprotonated form of 
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the compound required to cause 50% inhibition of the effect caused by the deprotonated form of 

the compound.  pH corresponds to the environmental pH at which the GIC50 value was obtained 

and pKa corresponds to the pKa of the protonated form of the compound.   

 The GIC50 values obtained in the drug susceptibility assay described above were fitted to 

the model described by Equation 4.1 with an algorithm created in R.  As TN and TC correspond to 

concentrations and, therefore, have biochemical meaning, the algorithm was designed to restrain 

the values of the coefficients to only values equal or above zero.  The coefficients obtained from 

the fit are reported in Table 4.1 with standard errors obtained from the fit.  The coefficient of 

determination was calculated with the residuals of the fit and. 

 

 Effect of pyrazinoic acid on the internal pH of Mycobacterium tuberculosis H37Ra 

cells.  The assessment of the internal pH of mycobacterial cells by analogues of POAT was 

performed as reported previously.7  M. tuberculosis H37Ra cultures were grown as described 

above, upon which the cells were harvested by and washed twice with MMA buffer (a mixed 

buffer consisting of 25mM of MES, 25mM of MOPS and 50mM of AMP, prepared as previously 

communicated).7  Cells were resuspended in MMA buffer at the desired pH to an OD600 of 0.3 and 

aliquots of 196 µL were transferred into a black-walled 96-well titer plates with one zirconia bead 

in each well.  Background fluorescence was recorded at 37°C for 10 minutes (in 2 minute intervals) 

on a Biotek Synergy HT (excitation at 440 nm and 485 nm and emission at 540 nm), followed by 

addition of 0.5 µM of 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl 

ester (BCECF-AM) to the cells.  Fluorescence was recorded for 30 minutes.  Aliquots of 2 µL of  
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a range of concentrations of the desired analogue of POAT dissolved in DMSO (with DMSO 

without drug serving as a blank) were then added to the cultures and fluorescence was recorded 

for another 30 minutes. 
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Chapter 5 

Salicylic acid replicates the drug-drug interactions of pyrazinoic acid with other 

anti-tubercle drugs 

 

 Pyrazinamide (PZA) is a first-line anti-tubercle drug, despite its addition to the standard 

regiment in the treatment of tuberculosis (TB) infections happening decades after its discovery as 

an anti-mycobacterial agent.1  Against Mycobacterium tuberculosis, the etiological cause of TB 

infections, the in vitro activity of PZA was shown to be pH-dependent, the mechanism of which 

was recently reported as depending on the protonophoric activity of pyrazinoic acid (POA), PZA’s 

active form.2  Additionally, PZA is known to synergize with rifampin (RIF),3 another first-line 

antibiotic, reducing the standard time of treatment in half.4,5  PZA was also shown to synergize 

with second-line antibiotic and it is currently part of most regimens for multi- and extensive-drug 

resistant TB infections.6,7  However, despite the recent elucidation on the mechanism of action of 

PZA,2 the mechanism behind the synergism with RIF is still unknown.  Moreover, the behavior of 

PZA (or its active form, POA) in combination has seldom been described in vitro, in particular 

when its pH-dependence is taken into consideration.8  

Figure 5.1 – Structures of anti-mycobacterial drugs used. 
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 Salicylic acid (SAL), the active form of aspirin, is a structural analogue of POA (Figure 

5.1) and acts in a similar manner to POA against M. tuberculosis in vitro.2  Additionally, SAL 

enhances the recovery of patients with TB infections.9  The activity of SAL against M. tuberculosis 

was also reported in a mouse model.10  However, the study of SAL’s interactions with other 

anti-tubercle drugs is scarce.  In a murine model, SAL was shown to be antagonistic with isoniazid  

(INH), another first-line antibiotic used in TB infections.11  Given the recent evidence that SAL is 

more potent than POA in vitro and the widespread use and availability of multiple approved 

formulations of it, SAL is a potential new agent against M. tuberculosis infections. 

 The synergism shown by PZA with other drugs is a type of drug-drug interaction, which 

also includes concepts of additivism and antagonism.  Strict definitions of these terms are still 

subject to much debate,12 but it is generally accepted that synergy expresses an increased effect of 

a combination of treatments that is not simply explained by the addition of the effects of the 

treatments alone.  Similarly, antagonism is defined in opposition to synergy, as the overall effect 

of the treatments in combination decreases compared to the expected addition of effects of these 

treatments alone.  Additivism is, therefore, when the effects of the drugs do not overlap, as the 

effect of the combination is what is expected of the addition of the effects of the single treatments.12  

However, multiple methods of determining what typo of drug-drug interaction occurs in a given 

combination have been proposed.12–15  Of these, the median effect principle (MEP) method has 

seen wide use in the biomedical field, in particular in cancer research.16  The MEP method was 

derived through biochemical principles, stemming from the mass-action law.17  It was also shown 

to contain the four major equations in the biomedical field (the Michaelis-Menten equation, the 

Henderson-Hasselbalch equation, the Hill equation and the Scatchard equation) and claims have 

been put forward that the MEP equation provides an unified theory for dose-effect phenomena.13  
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However, the expansion of the MEP equation to allow drug combinations is still its most widely 

used application.16  The MEP method also allows for determination of the type of interaction in a 

combination for the duration of the effect (expressed as a factor fa, standing for fraction affected).  

For long duration regimens, such as the standard combination therapy used in TB infections, the 

interactions in a combination can vary over time and understanding how the combination 

interactions evolve throughout the treatment provides an advantage other methods of determining 

drug-drug interactions lack.13  Thus, the present work aims to understand the interaction between 

POA or SAL, both reported to act through the same mechanism against M. tuberculosis, and RIF 

or INH, standard drugs in the treatment of TB, using the MEP method. 

 

Results 

 Median effect principle of anti-tubercle drugs combination.  Pairwise combinations 

between POA or SAL and RIF or INH were studied using checkerboard assays.  The use of the 

checkerboard design allows for the generation of growth rates when the culture is exposed to 

different molar ratios of the combination of drugs.18  For the extent of the work presented here, the 

results shown reflect the analysis of the ratio of POA or SAL to INH of 300:1 and the ratio of POA 

or SAL to RIF of 5200:1, which were chosen because these ratios provide the highest number of 

points in the checkerboard setup used.  Other ratios were also analyzed with similar observations 

to the ones reported for the ratios indicated above (data not shown). 

 Figure 5.2 shows the MEP plot, first described by Chou and Talalay,17 for the drug 

combinations used in the present work at pH 6.4.  The results for the other pH environments tested 
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(6.7 and 7.0) is similar (data not shown), with the main difference corresponding with a translation 

of the POA or SAL curve to reflect the decrease in efficacy.  The MEP plot enables the calculation 

of the median effect coefficients that determine dose-effect curves: the median effect (akin to an 

IC50 or an MIC50) and the shape of the curve, which is given by the slope of the curve (see the 

derivation of Equation 5.3 in the Materials and Methods section).  The data points represented with 

triangles in each quadrant represent the combination of the two drugs, while the other two curves 

correspond to treatment with each drug in the combination used alone.  Mechanistic inference is 

possible with the MEP plot: as the curve of the combination of all pairs shown in Figure 5.2 is not 

parallel to the curves of the drugs of the combination alone, Chou and Talalay report the drugs in 

the combination have mutually non-exclusive mechanisms, which implies different targets.  The 

Figure 5.2 – Median effect principle plot of the drug combinations (pH 6.4).  The growth rates obtained from 
the checkerboard assays were converted to fraction of the system affected (fa) by dividing the growth rate of 
the specific concentration by the growth rate of the untreated control (DMSO blank) and subtracting this 
value from 1.  The linearization of the data points followed Equation 5.3 (see Materials and Methods).  The 
results shown are similar to the ones obtained when the pH of the medium was 6.7 or 7.0 and the results 
shown are the collection of three independent replicates. Downward triangles represent the treatment of INH 
alone, circles correspond to POA alone, diamonds refer to SAL alone and squares signify RIF alone.  Upward 
triangles represent the combination treatment of the pair of compounds tested in each quadrant at specific 
molar ratios. 
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observations is supported by the reported mechanism of action of RIF, INH, POA and SAL in 

M. tuberculosis.2,19–22   

 

 Synergy index of drug combinations.  The coefficients obtained from the MEP are used 

to simulate the behavior of the molar ratios of the combinations tested as a function of fa, as 

previously described.13,17  The simulation, obtained from Equation 5.6 (derived in the Materials 

and Methods section), allows to determine the combination at different stages of the growth 

inhibition.  As fa represents the fraction of growth inhibition obtained by the drug combination 

used, with 1 being complete inhibition, the results shown in Figure 5.3 demonstrate how the 

different pairwise combination tested in the present work act from no inhibition to complete 

growth inhibition.  The grey areas represented in Figure 3 arise from a conservative estimation of 

the additivity region and were adapted from the semi-quantitative numbers suggested by Chou 

elsewhere.13 

Figure 5.3 – Synergy index plot of the combinations at different pH environments.  The synergy index values 
were obtained through Equation 5.5 and Equation 5.6 (Materials and Methods), from the coefficients obtained 
with the median effect principle equation (Equation 5.3).  The area shaded in grey corresponds to the 
conservative region of additive effect. 
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 The combinations shown in Figure 5.3 are consistently additive in their effect in growth 

inhibition.  The combination of POA with RIF shows some antagonism at lower stages of the 

growth inhibition (low fa) but becomes additive after about 10-20% of the effect occurs.  The rest 

of the combinations (POA/INH, SAL/INH and SAL/RIF) are additive across all values of fa.  The 

combinations using SAL are similar to the combinations using POA.  Additionally, despite the 

pH-dependent activity of both POA and SAL,2,23 no pH-dependent drug-drug effect is observed. 

 

Discussion 

 Median effect principle of anti-tubercle drugs combination.  Multiple methodologies 

to determine, quantitatively or qualitatively, drug-drug interactions have been proposed over the 

years.12  Traditionally, the fractional inhibitory concentration (FIC) method has been used to study 

the interactions of anti-tubercle drugs.  The FIC method provides an easy, quick and conservative 

way to estimate synergism in vitro,18,24 despite arguments that the FIC method conservative ranges 

of additivity are too conservative and lead to cases of synergism being qualified as additive.25   

 However, the correlation between in vitro drug-drug interactions and the effect of 

combinations in vivo was previously shown to be more accurate when more conservative 

estimations were used.26  While the FIC method is widely used in microbiology, other methods 

have found success and extensive use in medicine, in particular the MEP method.  Proposed by 

Chou and Talalay,17 the MEP method stems from the biochemical mass-action law, while most 

other methods used to estimate drug-drug interactions have an empirical or merely statistical 

root.12  The biochemical origin of the MEP method allows for some inferences on the mechanistic 

natures of the drugs in the combination,16 which may help in cases where the targets of the drugs 

studied are not properly characterized.17  Furthermore, the MEP method allows the analysis of the 
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combination across all stages of the effect (expressed by fa), which, while possible with the FIC 

method, can be technically difficult.17  Additionally, while it was not the approach used in the 

present work, the MEP method can theoretically be used with a low number of data points, with 

Chou arguing it can be used by determining the effect of two unique concentrations of the 

combination (if the effect of the individual drugs is known).13  The advantages provided by the 

MEP method in the determination of drug-drug interactions were the reason for its use in the 

present work instead of the more traditional FIC method. 

 Figure 5.2 shows the MEP plot of the combinations tested in the present work.  The linear 

regressions of the data points permit the determination of the MEP coefficients, in particular the 

median effect concentration of each drug when administered alone and of the combination.  The 

results shown in Figure 5.2 correspond to the study of the combinations when the medium of the 

culture was at pH 6.4, but other pH environments where tested to obtain the MEP coefficients 

(pH 6.7 and pH 7.0).  Different pH environments were employed given the pH-dependent activity 

of POA and SAL (while RIF and INH were shown to exhibit no such dependence, which supported 

the observations of the present work).2  The median effect concentrations of the drugs tested, when 

used alone, were similar to the values reported elsewhere.2 

 Chou and Talalay derived the MEP and postulated the MEP plot also indicates the type of 

interaction between the drugs in the combination: either mutually exclusive (as expected in Loewe 

additivity) or mutually non-exclusive (which, they argue, produces an interaction in line with Bliss 

independence).17  A mutually exclusive combination indicates that the drugs in the combination 

affect the same target and the MEP plot reflects this type of combination when the linear regression 

of all treatments shown (all drugs alone and the combination) are parallel.  In cases where the 

curves of the drugs when administered alone are parallel, but the curve of the combination is not 
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parallel to the others, Chou and Talalay conclude the combination is mutually non-exclusive.  As 

the results shown in Figure 5.2 indicate, the POA or SAL combined with INH or RIF behave as a 

mutually non-exclusive combination at pH 6.4 (the same was observed for pH 6.7 and 7.0, data 

not shown).  Greco and colleagues presented a critique to the derivation of Chou and Talalay for 

mutual non-exclusive combinations, arguing that Chou’s and Talalay’s derivation only applies 

when the slope of the combination equals 1.12  However, in the case presented here, the slopes of 

all combinations, regardless of the pH, is 0.95 ± 0.18, which is within the error allowed by the 

Chou-Talalay derivation for a strict mutually non-exclusive interaction.17  Additionally, the 

different mechanisms of action of RIF, INH and POA (or SAL) imply mutually non-exclusive 

interactions for the combinations tested.  As such, for further analysis of the drug-drug interactions 

of the combinations tested here, the present work assumed the combinations behaved as mutually 

non-exclusive combinations. 

  

 Synergy index of drug combinations.  The synergy index (SI) is an extension on the 

concept of the previously derived combination index (CI, partially derived in the Materials and 

Methods section).17  The CI is used to describe the type of interaction of a combination of drugs 

as synergistic, antagonistic or additive.16  Derived from the MEP, and, therefore, conforming to 

the mass-action law, the CI allows the determination of the impact of different treatments in 

combination, including when the treatments are not chemical (such as the case of the impact of 

radiation treatments in anti-cancer chemotherapeutics).13  The CI plot (versus fa) was also shown 

to replicate the results of more traditional methodologies, like the construction of isobolograms, to 

determine synergism.13,16  The CI plot provides a simple visual representation of the combination 

behavior across the range of the effect (represented by fa), with strict ranges for each type of 
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interaction: CI below 1 for synergism, equal to 1 for additivism and above 1 for antagonism.17  The 

asymmetrical ranges complicate the analysis of CI plots, mainly when comparisons between the 

amplitude of synergism and antagonism are drawn.  To simplify the analysis, the present work 

proposes the use of the negative common logarithm of CI.  If a strict interpretation of CI was taken, 

the factor resulting of the logarithmic transformation (seen in Equation 5.6, in the Materials and 

Methods section), called synergy index (SI), allows for symmetrical values of synergy and 

antagonism, with additivism corresponding to a SI value of 0, positive values corresponding to 

synergism and negative values to antagonism.  However, as suggested for CI values, more 

conservative intervals can be applied, to account for experimental error or the complexity of the 

systems studied that add variability to the results.13  The present work considered any value of SI 

between -1 and 1 as representing additivism, with values below -1 reflecting antagonism and 

values above 1 synergism. 

 Figure 5.3 shows the SI plot of the combinations tested in the present work, at the different 

pH values used.  The results indicate that, using the conservative ranges defined above, POA in 

combination with either INH or RIF exhibits additivity for all the values of fa (when in combination 

with INH) or for the majority of the effect (as seen with RIF).  The different pH values had no 

impact on the interaction of POA with INH; when POA is in combination with RIF, the interaction 

exhibits some pH-dependence, but the type of interaction does not change dramatically.  

Additionally, the results shown in Figure 5.3 correspond to specific molar ratios (300:1 with INH 

and 5200:1 with RIF), but other ratios were analyzed, with comparable results (data not shown).  

The in vitro drug-drug interactions of PZA (or its active form, POA) with INH or RIF have seldom 

been reported in literature, but the results presented here do not reflect the interactions reported for 

in vivo synergism between RIF and PZA,3,4 while antagonism was been reported for INH when 
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used in combination with PZA in the mouse model.27  Antagonism between POA and INH were 

also previously reported in vitro, in cultures at  acidic pH (5.6).8 

 Similarly, Figure 5.3 also presents the results obtained for the combinations of SAL with 

INH or RIF.  For both combinations, the results indicate additivism across all values of fa, with no 

significant pH-dependent effect observable.  When compared together, the combinations with 

POA and with SAL are comparable, as was expected given their similar mechanism of action.2  As 

with POA, while the results shown in Figure 5.3 correspond only to fixed molar rations (300:1 

with INH and 5200:1 with RIF), other concentration ratios were analyzed and produced similar 

results (data not shown).  Reports on anti-tubercle combinations including SAL are scarce, but one 

report suggests SAL antagonizes with INH and RIF in vitro.28  Additionally, SAL and INH were 

shown to be mildly antagonistic in a mouse model,11 although SAL (given as aspirin) was shown 

to improve the outcome of patients treated for tuberculosis with a combination of PZA, INH and 

ethambutol.29,30  However, SAL remains a candidate for potential substitution of PZA, as it was 

recently shown to act against M. tuberculosis through the same mechanism as POA, the active 

form of PZA.2  Moreover, SAL was shown to have anti-tubercle effects in the murine model 

before.9  As described above, PZA has been shown to synergize with RIF in vivo, both in animal 

models and patients,3,4 but POA was shown here to be mildly antagonistic or purely additive when 

in combination with RIF.  It is possible the same happens with SAL and, either by an effect only 

possible in the host or some other physiological mechanism, the drug-drug interactions of SAL 

with RIF (or even INH) are distinct in animal models from the ones reported here for an in vitro 

model. 

 The work presented here determined the drug-drug interactions in the context of growth 

inhibition in vitro.  The methodology used cannot distinguish between live cells and dead cells in 
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the culture medium, as optical density is only a measurement of light scattering and dead cells 

scatter light as live cells do.  Moreover, synergy assays conducted in vivo determine bacterial 

clearance instead of growth inhibition.3  Hence, the conflicting accounts of synergism between the 

data shown above and the reported for PZA in vivo may be explained by the methodologies used.  

The similar behavior of SAL and POA in vitro, however, suggests the possibility of similar 

behavior in vivo and, therefore, the use of a delivery formulation of SAL may be possible to treat 

tuberculosis. 

 

Conclusions 

 The in vitro drug-drug interactions of salicylic acid with anti-tubercle compounds, rifampin 

and isoniazid, are similar to those seen with pyrazinoic acid, the active form of pyrazinamide.  

Briefly, the work presented here showed how the combinations of pyrazinoic acid or salicylic acid 

with rifampin or isoniazid behave in a mutually non-exclusive, confirming the combination results 

from the two individual drugs in the combination acting through different molecular mechanisms.  

Moreover, the median effect concentrations are comparable with growth inhibitory concentrations 

reported previously, supporting the use of the median effect principle to determine drug-drug 

interaction in M. tuberculosis.  The present work also introduces the synergy index, a numerical 

value to evaluate drug-drug interactions.  The synergy index of the combinations tested here show 

mostly additivism, suggesting that combinations containing pyrazinoic acid behave similarly to 

the combinations with salicylic acid.  The conservative analysis of drug-drug interactions shown 

here suggests interaction seen in vivo with pyrazinamide (or with its active form, pyrazinoic acid) 

can be replicated with salicylic acid, which indicates salicylic acid is a potential alternative to 

pyrazinamide. 
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Materials and Methods 

 The chemicals used in the present work were purchased from Sigma Aldrich, except when 

specified otherwise.  Albumin was obtained from GoldBio and Middlebrook 7H9 broth from 

Becton Dickinson.  All reagents were of reagent grade or higher and were used without further 

purification. 

 

Mycobacterium tuberculosis H37Ra culture methods.  M. tuberculosis H37Ra cultures were 

grown as previously reported.23  Succinctly, frozen glycerol stocks of M. tuberculosis H37Ra were 

thawed and used to inoculate fresh Middlebrook 7H9 medium supplemented with oleic acid-

albumin-dextrose (OAD, 10% v/v), 0.1% v/v tyloxapol and 0.2% w/v casamino acids.  The pH of 

the supplemented 7H9 broth was adjusted with hydrogen chloride or sodium hydroxide as needed.  

Culture flasks were incubated with constant agitation at 37°C and cells were harvested when an 

optical density at 600 nm (OD600) between 0.6-0.8 was observed.  The cells were further processed 

according to the requirements of the checkerboard assays. 

 

Checkerboard assays to determine drug-drug interactions between anti-tubercle drugs in 

M. tuberculosis H37Ra.  Checkerboard assays were designed and executed as described before.18  

M. tuberculosis H37Ra cultures were grown as described above and cells harvested and washed 

twice with fresh supplemented 7H9 medium.  The mycobacterial cells were then centrifuged at 

1500 x g on a Beckman CS-6R centrifuge and resuspended in fresh supplemented 7H9 medium at 

the desired pH to achieve an OD600 of 0.1.  Aliquots of 196 µL of cell suspension were then 

transferred to 96-well microtiter plate with each well containing a zirconia bead (diameter ~1 mm) 

to assist with agitation and aeration.  Aliquots of 2 µL of a range of concentrations of the desired 
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drugs dissolved in dimethyl sulfoxide (DMSO) were prepared and transferred to the microtiter 

plate, generating a gradient where each well has a unique combination of concentrations of the two 

drugs.  This was produced by adding the range of concentrations of one drug horizontally (right 

left) and the range of concentrations of the other drug vertically (up down).  A blank (no drugs) 

well was generated by addition of aliquots of 2 µL of DMSO twice.  Each pairwise combination 

was tested in triplicate.  The OD600 of the plate was then recorded every 24 hours, for 5 days, using 

a BioRad Benchmark Plus plate reader.  Between measurements, the plates were incubated at 37°C 

with constant rocking, within a sealed plastic bag with a damp paper towel to preserve humidity.  

The growth rate of each individual treatment was calculated as the slope of the growth curve over 

the 5 days of incubation.  The growth rates were utilized to posterior analysis of the drug-drug 

interactions between each pair of drugs, as described below.   

 

Median effect principle analysis.  The median effect principle (MEP) was first proposed and 

derived by Chou and Talalay.17  The method describes the general theory for dose and effect, based 

on the mass-action law principle.13  The MEP stems from the correlation shown in Equation 5.1: 

 ୤౗୤౫ = ቀ ୈୈ౉ቁ୫ Equation 5.1 

where D represents the dose of the substance tested, fa the fraction of the system affected by D and 

fu the fraction of the system unaffected by the substance dose.  The median-effect dose, DM, stands 

for the dose that causes the median-effect (such as an IC50, a MIC50 or a LD50).  The exponent m 

controls the shape of the effect curve, which can be hyperbolic (m = 1), sigmoidal (m > 1) or a flat 

sigmoid (m < 1).13  As fa + fu = 1, Equation 5.1 can be expressed as:  

 ୤౗ଵି୤౗ = ቀ ୈୈ౉ቁ୫ Equation 5.2 
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 In the present work, fa was calculated by finding the value of fu first, which was determined 

by dividing the growth rate of each point by the growth rate of the untreated well (DMSO control), 

for each replicate and each drug combination.  Then, fa was obtained by subtracting the calculated 

fu from one.  To facilitate the calculation of DM and m, Chou and Talalay suggest a linearization 

method,17 as shown by Equation 5.3: 

 logଵ଴ ቀ ୤౗ଵି୤౗ቁ = m ∙ logଵ଴(D) − m ∙ logଵ଴(D୑) Equation 5.3 

Moreover, the linear plot defined by Equation 5.3 has interesting properties, when combinations 

of drugs are considered, as will be explored below. 

 The recent elucidation of the mechanism of action of POA makes clear that, when used in 

combination with RIF or INH, the drug-drug interaction is mutually non-exclusive, given the 

different mechanism of action of the drugs.2,19–22  Similarly, SAL was shown to act as a 

protonophore in M. tuberculosis and, as such, behaves like POA when used in combination with 

RIF or INH.2  Chou and Talalay describe how the different targets can be inferred from the 

graphical representation of Equation 3.17  They describe how the curve of a mutually exclusive 

combination should be parallel to the curves of each drug in the combination when used alone.  

However, when the combination is mutually non-exclusive, i.e. each drug acts independently and, 

therefore, has a distinct target, the linear curve of the combination is not parallel to the curves of 

the drugs in the combination when used independently.  Furthermore, the purely additive 

interaction between two mutually non-exclusive drugs is defined by Equation 5.4:17 

 ୈఽ(ୈ౉)ఽ + ୈా(ୈ౉)ా + ୈఽ∙ୈా(ୈ౉)ఽ∙(ୈ౉)ా = 1 Equation 5.4 

with DA and DB corresponding to the dose of drugs A and B, respectively, and (DM)A and (DM)B 

the median-effect dose of drugs A and B.  If the resulting value of Equation 4 is below 1, then the 
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combination is synergistic and, conversely, if the value is above 1, the drugs are antagonistic.  

Hence, a combination index (CI) can be expressed as shown in Equation 5.5: 

 CI = ୈఽ(ୈ%)ఽ + ୈా(ୈ%)ా + ୈఽ∙ୈా(ୈ%)ఽ∙(ୈ%)ా Equation 5.5 

where (D%)A and (D%)B stand for the effect caused by drug A and B, respectively, at a given value 

of fa (or a given percentage of the system affected), as derived by Chou and Talalay.17 

 Graphically, a plot of CI versus fa shows the behavior of a given combination over the 

range of fa values.  However, the areas of antagonism (from >1 to infinite) and synergy (<1 to 0) 

are not symmetrical and having the “midpoint” between the antagonism and synergy at 1 is also 

not intuitive.  To solve these issues, the present work proposes the use of the synergism index (SI), 

where the logarithmic transformation shown in Equation 5.6 is applied to CI. 

 SI = −logଵ଴ CI Equation 5.6 

The use of SI makes the graphical representation more intuitive and the synergy and antagonism 

areas are symmetrical.  As such, the graph of SI versus fa shows additivity when SI equals 0.  For 

values of SI above 0 the interaction is synergistic while for values below 0 the interaction is 

antagonistic.  However, the granularity of the data obtained through the checkerboard assay 

described above is low and, as in other method using checkerboard assays,18 the present work 

opted to define the limits of additivity as more conservative, following the suggestions previously 

described by Chou.13  As such, additive interactions are defined as interaction with a SI value 

between -1 and 1, with synergy and antagonism being defined by SI values above 1 or below -1, 

respectively. 
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Chapter 6 

Concluding Remarks 

 

 Tuberculosis continues to be the cause of millions of deaths every year.  With the rise in 

cases of multi- and extensive-drug resistant patients, the importance of understanding the infection 

and the anti-tubercle drugs available becomes more dramatic.  Pyrazinamide, part of the standard 

treatment regimen and of most of the drug combination regimens available for resistant cases,2 is 

an antibiotic like few.  Despite the discovery of its anti-mycobacterial properties in the 1950s, its 

molecular target was unclear until now.  The work presented here conclusively shows 

pyrazinamide acts as uncoupler of proton motive force.  After entering the mycobacterial bacillus, 

pyrazinamide undergoes enzymatic conversion to pyrazinoate.  Until now, the ultimate fate of 

pyrazinoate was unknown.  The results described above demonstrate that pyrazinoate leaves the 

cell and, in the more acidic extracellular environment, enters in an acid-base equilibrium with 

pyrazinoic acid.  The difference between both forms is only a single proton, but like other 

uncouplers, the entry of pyrazinoic acid and release of that proton is part of a cycle that leads to 

cytosolic acidification.  The results presented here also reveal that pyrazinamide, under the form 

of pyrazinoic acid, exerts protonophoric activity.  Pyrazinoic acid was shown in Chapter 3 to 

dissipate the electric potential across the mycobacterial cell, which, together with the evidence 

presented in the same chapter of cytoplasmic acidification, implies the mechanism is electrogenic.  

Additionally, the data shown in Chapter 4 supports the protonophoric mechanism of pyrazinoic 

acid, with a mathematical model developed to validate the hypothesis and the positive comparison 

with other known protonophores.  Chapter 4 also shows that salicylic acid, the active form of 

aspirin, is active against Mycobacterium tuberculosis in vitro, showing higher efficacy than 
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pyrazinoic acid.  The potential for the use of salicylic acid (or any of the pharmacologically 

available formulations in the market) may have a great impact in the field.   

 Chapter 5 provides the first step in assessing the potential of salicylic acid as an alternative 

to pyrazinamide.  The results presented in that chapter show how the drug-drug interactions of 

pyrazinoic acid with either rifampin or isoniazid are mimicked by salicylic acid in vitro.  In vivo, 

pyrazinamide is well-known to reduce the time of treatment in half when added to the standard 

combination therapy.  It remains to be determined if salicylic acid induces the same effect when 

added to the regimen, but the initial observations in Chapter 5 are optimistic.   

 The discovery of protonophoric activity as primary mechanism of pyrazinamide activity 

creates a new research and development space for the discovery of new anti-tubercle drugs with 

the same mode of action.  Preliminary studies conducted during the work presented above indicate 

the structural motifs of the hydrophobic moiety may play a role in the efficacy of the compounds 

tested; therefore, structure-activity relationship models can be developed to increase the efficacy 

of this class of compounds.  Moreover, the studies presented here were all conducted in vitro, 

making it essential for the further development of the protonophoric anti-tubercle class of 

compounds to be tested in vitro.  Finally, from the purely biochemical perspective, a better 

understanding of the rates at each step of the mechanism for these compounds could facilitate the 

design of future antibiotics; increasing the rate of membrane diffusion of both protonated and 

deprotonated forms or developing similar compounds with higher pKa values that retain high 

efficacy may result in a reduced time of treatment similar to the one achieved when pyrazinamide 

was first introduced into the standard regimen against tuberculosis.  
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Appendix A 

Derivation of the pH-dependent activity model. 

 

 Modeling the pH-dependent activity of relevant drugs or toxins has been the subject of 

extensive literature.  The following model is adapted from Könemann and Musch,1 with more 

detailed explanation and further development and interpretation. 

 For an ionizable molecule, such as pyrazinoic acid in protonated form (Figure A1, 

abbreviated as POAN), it is theoretically possible for either or both the protonated and deprotonated 

forms of the compound exhibit an effect.  In the example of POAN, both POAN and its deprotonated 

form, pyrazinoate (POAC) can potentially exhibit activity.  The assumption is that any observable 

effect results from the additivity of the effect of both forms of the molecule.  Hence, the effect of 

an ionizable molecule can be expressed as 

 [ୌ୅]ା[୅ష]୉େఱబ = T୒ ∙ [HA] + Tେ ∙ [Aି] Equation A1 

where [HA] and [A-] stand for the concentrations of the protonated and deprotonated forms of the 

molecule, respectively. EC50 corresponds to the overall concentration of the molecule (or 

[HA]+[A-]) that causes 50% of the observable effect.  The specific effect of each form is expressed 

by TN and TC, as the inverse of the concentration responsible for 50% of the effect caused by [HA] 

Figure A1 – Acid-base equilibrium of pyrazinoic acid (POAN) with pyrazinoate (POAC).  The pKa shown 

was obtained with theorical calculation with Chemicalize (www.chemicalize.com) 
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(in the case of TN) or [A-] (in the case of TC): 

 ଵ୉େఱబొ = T୒ Equation A2 

 ଵ୉େఱబి = Tେ Equation A3 

with EC50
N representing the concentration of HA that causes 50% of the effect of HA and EC50

C 

is the concentration of A- responsible for 50% of the effect caused by A-. 

 The ionizable molecule exists in an acid-base equilibrium in solution.  The equilibrium, 

which, following acid-base chemistry, can be expressed as 

 [ୌశ]∙[୅ష][ୌ୅] = Kୟ Equation A4 

with Ka corresponding to the acid equilibrium constant of the reversible reaction 

 HA ⇄ Hା + Aି Equation A5 

In which H+ represents the proton released in the reaction.  In the example of POAN and POAC, 

the equilibrium reaction takes the form of 

 POA୒ ⇄ Hା + POAେ Equation A6 

 When the effect is defined at the concentration EC50, Equation A1 can be simplified, as 

follows: 

 [HA] + [Aି] = ECହ଴ Equation A7 

allowing for the expression of [HA] and [A-] in terms of Ka, H+ and EC50, as follows (using 

Equation A4 and Equation A7): 

 [HA] = [ୌశ][ୌశ]ା୏౗ ∙ ECହ଴ Equation A8 

and 

 [Aି] = ୏౗[ୌశ]ା୏౗ ∙ ECହ଴ Equation A9 

 Substituting Equation A7, Equation A8 and Equation A9 in Equation A1 yields 
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 1 = T୒ ∙ [ୌశ][ୌశ]ା୏౗ ∙ ECହ଴ + Tେ ∙ ୏౗[ୌశ]ା୏౗ ∙ ECହ଴ Equation A10 

or 

 ଵ୉େఱబ = T୒ ∙ [ୌశ][ୌశ]ା୏౗ + Tେ ∙ ୏౗[ୌశ]ା୏౗ Equation A11 

 While [H+] and Ka can be easily calculated, it is commonly to express both in terms of pH 

and pKa, respectively, for commodity of smaller numbers.  The relationship between pH and [H+] 

follows 

 [Hା] = 10ି୮ୌ Equation A12 

While the relationship between pKa and Ka arises, in a similar manner, from 

 Kୟ = 10ି୮୏౗ Equation A13 

and the substitution of these equalities in Equation A11 results in 

 ଵ୉େఱబ = T୒ ∙ ଵ଴ష౦ଵ଴ష౦ౄାଵ଴ష౦ే౗ + Tେ ∙ ଵ଴ష౦ే౗ଵ଴ష౦ౄାଵ଴ష౦ే౗ Equation A14 

 Equation A14 (or Equation A11, if [H+] and Ka are used) can be analyzed further if each 

term of the equation is interpreted as dominant in terms of the corresponding effect of each form 

of the ionizable molecule.  Könemann and Musch make a reference to this differential effect in 

terms of membrane solubility, suggesting it is common to observe a higher toxicity for the 

protonated form of phenols.1  The dominance of one of the forms can also be interpreted as a 

specific effect requiring a specific form or an indication of a kinetic limiting step requiring the 

formation of a specific form of the molecule.  Additionally, the dominance of a particular form in 

the overall effect can be a reflection of a combination of the factors described above.  The 

dominance of a form is expressed by the value of its corresponding term, i.e., if TN has an absolute 

value much higher than TC, the protonated form has a dominant effect compared to the effect 

resulting from the deprotonated form.   
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 The dominance of a species can also be determined graphically, as seen in Figure A2.  The 

theoretical case of an ionizable molecule with a pKa of 3.0 is shown, with the panel on the left 

representing the dominance of its protonated form and the panel on the right the dominance of the 

deprotonated form.  The panel of the left of Figure A2 shows the curve described by Equation A14 

when TN is 1 and TC is 0, with particular focus in the range of pH values used to determine the 

growth inhibitory concentrations (GIC50) for pyrazinoic acid and the other compounds tested in 

the present work.  As the left panel of Figure A2 shows, when the protonated form has a dominant 

effect, the inverse of EC50 increases with the decrease of pH (which is seen in Chapter 4, Figure 

4.4, for CCCP, POAT and SALT).  Conversely, the right panel of Figure A2 shows the curve of 

Equation A14 when TN is 0 and TC equals 1, results in the diametrically opposed trend seen in the 

left panel.  The dominance of the deprotonated form would be expressed as an increase in the 

inverse of EC50 values when pH increases.  The theoretical case of no dominance (where the 

numerical value of TN is close to the value of TC) would result in a curve with no slope or a small 

slope.  However, these molecules are impossible to distinguish from molecules which effect is not 

Figure A2 – Simulation of the curves described by Equation A14 in the cases of TN = 1 and TC = 0 (left panel) or  
TN = 0 and TC = 1 (right panel).  The pKa used for this simulation equals 3. 
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pH-dependent.  While the numerical values of TN and TC presented in Table 2 were determined 

with non-linear curve fitting methods, Könemann and Musch provide a linearization of Equation 

A11 that may prove to be useful in cases where such methods are not available or difficult to use.1  

From Equation A10, 

 1 = T୒ ∙ ൫[ୌశ]ା୏౗ି୏౗൯[ୌశ]ା୏౗ ∙ ECହ଴ + Tେ ∙ ୏౗[ୌశ]ା୏౗ ∙ ECହ଴ Equation A15 

as the consecutive addition and subtraction of Ka is neutral.  Then 

 1 = T୒ ∙ [ୌశ]ା୏౗[ୌశ]ା୏౗ ∙ ECହ଴ − T୒ ∙ ୏౗[ୌశ]ା୏౗ ∙ ECହ଴ + Tେ ∙ ୏౗[ୌశ]ା୏౗ ∙ ECହ଴ Equation A16 

which can be simplified to 

 ଵ୉େఱబ = T୒ − (T୒ − Tେ) ∙ ୏౗[ୌశ]ା୏౗ Equation A17 

The resulting Equation A17 generates a linear curve when the inverse of EC50 is used in the y-axis 

and ୏౗[ୌశ]ା୏౗ is used as x-axis.  The resulting curve provides an easy way to determine TN, since it 

corresponds with the y-intercept and the slope can then be used to determine TC.   

 The derivation presented here used the concentrations that cause 50% of the effect because 

of the use of GIC50 values in the work with pyrazinoic acid and other anti-tubercle compounds.  

However, it is noteworthy to point out that other percentages of effect can be used, like 90% or 

99%, with the results translating to those percentages of effect across all coefficients (EC, TN and 

TC). 
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