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Abstract

A mutant of Mycobacterium smegmatis is a potential class I model substitute for Mycobacterium

tuberculosis. Because not all of the rifamycins have been tested in this organism, we determined

bactericidal profiles for the 6 major rifamycin derivatives. The profiles closely mirrored that

established for Mycobacterium tuberculosis. Rifalazil was confirmed to be the most potent

rifamycin.

Because the tuberculous granuloma presents a harshly oxidizing environment we explored the

effects of oxidation on rifamycins. Mass spectrometry confirmed that three of the six major

rifamycins showed autoxidation in the presence of trace metals. Oxidation could be monitored by

distinctive changes including isosbestic points in the ultraviolet-visible spectrum. Oxidation of

rifamycins abrogated antimycobacterial activity in Mycobacterium smegmatis. Protection from

autoxidation was conferred by binding susceptible rifamycins to tear lipocalin, a promiscuous

lipophilic protein.

Rifalazil was not susceptible to autoxidation but was insoluble in aqueous. Solubility was

enhanced when complexed to tear lipocalin and was accompanied by a spectral red shift. The

positive solvatochromism was consistent with robust molecular interaction and binding. Other

rifamycins also formed a complex with lipocalin, albeit to a lesser extent. Protection from

oxidation and enhancement of solubility with protein binding may have implications for delivery

of select rifamycin derivatives.
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1. Introduction

Mycobacterium tuberculosis infects one-third of the human population, 9 million people per

year, and accounts for 1.7 million deaths per year [1]. The bactericidal rifamycins are

considered a mainstay of therapy. However, treatment requires continued low dosage for 6

to 9 months. Prolonged therapy often leads to emergence of resistant strains and

accompanying toxicity to liver and bone marrow. Very few rifamycins, namely rifabutin and

rifapentine, have been marketed for tuberculosis during the 40 years after the release of

rifampin. Rifalazil is potent but presumed toxicity in clinical trials has stirred a debate [2, 3].

Because one in ten patients infected with tuberculosis will transmit the disease to ten others,

a small improvement in treatment could have dramatic effects [1]. A number of approaches

are needed. One approach is the development of new drugs but the process is expensive,

slow and requires specialized facilities for handling Mycobacterium tuberculosis. Utilization

of rapid growing non-pathogenic mycobacterial species could facilitate testing. Efficient

plasmid transformation has potentiated mutants of Mycobacterium smegmatis [4]. The

transposon insertion in RHS 234 disrupts the arr gene, which encodes rifampin ADP

ribosyltransferase, the enzyme that inactivates rifampin. RHS 234 is a rifampin-

hypersensitive mutant that in initial studies may mimic the drug sensitivity of

Mycobacterium tuberculosis [5]. However, carefully controlled studies are needed for all

major rifamycins to compare effectiveness.

A second approach is to enhance existing drugs for a shorter, more potent and less toxic

drug regimen to effectively eradicate dormant organisms residing in macrophages of

tuberculous granulomata. Delivery of rifamycins on complexes of micro [6,7] or

nanoparticles [8-15] has been used to vitiate systemic toxicity. However, inhalable foreign

microparticles may have their own toxicity such as altering cytokine profiles in the lung [9].

We investigated the feasibility of binding rifamycins to a human protein that binds lipophilic

ligands in a calyx. Tear lipocalin is produced in large quantities in the lacrimal gland

(57-165 μM in tears) [16] but only in small amounts in the tracheobronchial tree. Tear

lipocalin has been shown to bind rifampin and block its autoxidation to the napthoquinone

form [17-19]. Rifampin is released from tear lipocalin under acidic conditions and is

displaced by long chain fatty acids such as those encountered in granulomata of

tuberculosis. Here, we compare six rifamycins for potency, binding to tear lipocalin as well

as the efficacy and resultant protection from oxidation in vitro.

2. Materials and methods

All chemicals and solvents were purchased from Thermo Fisher Scientific (Fairlawn, NJ,

USA) if not mentioned otherwise and were at least spectrophotometric grade. Rifampin,

rifabutin, rifaximin and rifamycin SV were purchased from Sigma-Aldrich (St. Louis, MO,
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USA), rifapentine was kindly provided from Sanofi Aventis (Gentilly Cedex, France) and

rifalazil from ActivBiotics Pharma, LLC (Tucker, GA, USA). Stock solutions of the drugs

were prepared in DMSO or ethanol (Sigma-Aldrich, St. Louis, MO, USA) and stored at

−80°C.

2.1 Bacterial strains, media and growth conditions

Wt Mycobacterium smegmatis strain mc2155 [4] and φMycoMar transposon insertion

mutant Mycobacterium smegmatis strain RHS 234, kindly provided by Jun Liu (University

of Toronto) [5], were used for drug susceptibility testing. All mycobacterial strains were

grown in Middlebrook 7H9 liquid medium supplemented with 0.2% glycerol and 0.05%

Tween 80 or on Middlebrook 7H10 plates (Difco, Voigt Global Distribution Inc, Lawrence,

KS, USA) at 35°C.

2.2 Expression and purification of recombinant tear lipocalin

Tear lipocalin cDNA in PCR II (Invitrogen, San Diego, CA, USA) [20], was used as a

template to amplify and clone the gene spanning bases 115-592 of the previously published

sequence [21] into pET-20b(+) vector (Novagen, Milwaukee, WI, USA). Flanking

restriction sites for NdeI and BamHI were added to produce the major isoform of the native

protein sequence as found in tears with the addition of an initiating methionine [22].

The plasmid was transformed into E. coli BL21 (DE3) and cells were cultured and protein

was expressed according to the manufacturer’s protocol (Novagen, Milwaukee, WI, USA).

Following cell lysis the supernatant was treated with methanol (40% final concentration) at

4°C for 2.5 h [23]. The suspension was centrifuged in a Sorvall RC-5B (Thermo Fisher

Scientific, Fairlawn, NJ, USA) with a SLA-1500 rotor at 3000 × g for 30 min. The

supernatant was dialyzed against 50 mM Tris-HCl, pH 8.4. The dialysate was treated

stepwise with ammonium sulfate from 50% to 70% saturation. The resulting precipitate was

dissolved in 50 mM Tris-HCL, pH 8.4, dialyzed against 50 mM Tris-HCL, pH 8.4 and

applied to a DEAE Sephadex A-25 column (GE Healthcare, Uppsala, Sweden). The fraction

containing the protein was eluted with a stepwise 0/ 50/ 300 mM NaCl gradient and applied

to a 2.5 × 100 Sephadex G-100 column (GE Healthcare, Uppsala, Sweden) equilibrated with

50 mM Tris-HCL, 100 mM NaCl, pH 8.4. Eluted fractions containing tear lipocalin were

centrifugally concentrated (Amicon Ultra-4 10K, Millipore, Billericia, MA, USA),

transferred to 50 mM Tris-HCL buffer and stored at −20°C. Purity of the proteins was

confirmed by SDS-tricine gel electrophoresis [24]. The protein concentration was

determined by the biuret method [25] and was confirmed by the calculated extinction

coefficient of 13,760 M−1cm−1 for tear lipocalin [26].

2.3 Absorption spectroscopy

UV absorption spectra were recorded at room temperature (RT) using a Shimadzu

UV-2401PC spectrophotometer (Columbia, MD, USA). All spectra were repeated at least

three times. Molar extinction coefficients of gravimetrically measured drug concentrations

were calculated using Beer’s law, A= ε | c, where A is the absorbance, ε is the molar

extinction coefficient (M−1cm−1), l is the path length (cm), and c is the concentration of the

solution (M).
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Sodium phosphate buffer, 100 mM, pH 7.3, was used from the same reagent stock in all

autoxidation experiments. The sodium phosphate is known to contain 0.5 parts per billion of

iron. ETDA (Sigma-Aldrich, St. Louis, MO, USA) was used to remove divalent metal ions

from the samples. K3Fe(CN)6 was also used in oxidation experiments (Sigma-Aldrich, St.

Louis, MO, USA).

2.4 Mass spectrometry

Mass spectrometry is an effective technique to confirm the loss of two hydrogen atoms

responsible for the oxidation of the napthohydroquinone structure to the napthoquinone form

of rifampin [17,18,27]. Therefore, mass spectrometry was performed on the other rifamycins

with an Agilent 6460 LC/MS/MS triple quadrupole and an electrospray ionization source.

After attempted oxidation (Section 2.7), samples were diluted to a concentration of 20 μM in

methanol/formic acid .1%), directly infused via the Agilent 1290 at 100 μL/min and scanned

in the positive ion mode in the m/z range of 200-1200. Background ion counts from

extracted chromatographs of the reagents without the rifamycins were subtracted from the

samples using the Masshunter software. The instrument parameters for the identification of

rifamycins included (Ultra High Purity Nitrogen) gas at 300 °C, gas flow 5 l/min, 45 psi

nebulizer, fragmentation energy of 135 V, Capillary 3500 positive V, 3500 negative, 9 nA

Nozzle Voltage.

2.5 Drug susceptibility testing

Drug susceptibility of Mycobacterium smegmatis wt and mutant (2.1 above), was tested for

six rifamycin drugs by the broth microdilution method after the NCCLS standard [28, 29]

with some minor modifications. Sterile 96-well polystyrene microtiter plates with U-shaped

wells (Greiner Bio-One, Monroe, NC, USA) [29] were prepared with 2-fold serial dilutions

of antibiotics in Middlebrook 7H9 broth. Antibiotics ranged in concentration from 1.28 ×

102 to 1.2 × 10−4 μg/ml for Mycobacterium smegmatis mc2155 and 3.2 × 10 to 1.2 × 10−4

μg/ml for Mycobacterium smegmatis RHS 234. Inoculum suspensions of bacteria were

prepared from swabs of 7H10 agar plates placed in 4.5 ml of sterile water, vortexed for 15 s,

and allowed to stand at RT for 1 minute to remove coarse grained particles. The turbidity

was adjusted to an OD625 of 0.08 to 0.10 to obtain a density of 1.5 × 108 CFU/ml. The final

bacterial density of 1.5 × 106 CFU/ml was achieved by transferring 0.2 ml of the suspension

to 20 ml sterile water with 0.05% Tween 80. Each well was inoculated with 10 μl of the

bacterial suspensions. Complete inhibition of bacterial growth after 5 days of incubation at

35°C was interpreted as the minimal inhibitory concentration (MIC) in the presence of three

paired control wells that showed visible colonies. In tandem, a 50 μl sample from each

inoculum (1.5 × 106 CFU/ml) was transferred to a 5 ml N-saline solution (1.5 × 104 CFU/

ml), vortexed and 10 μl streaked on 7H10 plates as a control for the colony forming units

and to exclude contamination. All experiments were done in triplicate.

2.6 Rifamycin binding to tear lipocalin

A precise binding curve was determined for rifalazil based on its profound insolubility and

strong binding to tear lipocalin. Progressive additional increments of concentrated rifalazil

in ethanol were added to tear lipocalin in PBS, maintaining the final ethanol concentration at
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less than 1%, followed by centrifugation in a Sorvall Discovery M150 (Thermo Fisher

Scientific, Fairlawn, NJ, USA), with an S150AT rotor at ~196,000 × g for 1 h at 20°C. The

concentrations of bound and free drug were both experimentally determined from the

absorbance at 632 nm of the supernatant and pellet, respectively, in ethanol, using the

experimentally determined extinction coefficient of 37,900 M−1cm−1. The concentrations

were mathematically verified by subtraction from the total drug used in the experiment. The

experiment was repeated 6 times and the means were fit to the Hill equation (Microcal

Origin, Northhampton, MA, USA).

For the other more aqueous soluble rifamycins estimates of binding were calculated from

comparison of the relative binding to the known dissociation constant (Kd) for rifampin of

128 μM [18]. Relative binding was determined by gel filtration column chromatography

with 0.5 × 10 cm glass columns (Bio-Rad, Richmond, CA, USA) containing Sephadex G-25

medium (GE Healthcare, Uppsala, Sweden) equilibrated and eluted with 100 mM Na2HPO4,

pH 7.3. After incubation of tear lipocalin and rifamycin, 260 μM each, for 1 h at 25°C, 200

μl were applied to the column at a flow rate of 0.2 ml/min. 0.2 ml fractions were collected

and monitored for protein at 280 nm and at selected wavelengths of each drug based on their

individual spectral characteristics.

High molecular peak fractions containing tear lipocalin, both bound and free were pooled.

Low molecular peak fractions containing unbound rifamycin were pooled and remeasured

spectrophotometrically. The bound drug concentrations in the high molecular weight

fractions were calculated from the absorbance of the rifamycins at their respective peaks at

wavelengths >320 nm where tear lipocalin has a small contribution. Although exiguous, the

fractional absorbance contributed by tear lipocalin was predetermined at the given

wavelength from the spectrum of tear lipocalin alone and then after incubation with the

drug. The absorbance attributed only to rifamycin at a given wavelength was determined in

the bound fractions.

2.7 Effect of oxidation of rifamycins on anti-mycobacterial activity

So called autoxidation of rifampin and rifamycin SV occurs in the presence of only trace

divalent metal cations acting as a catalyst, and oxygen. In this study we investigated the

oxidative profiles of six different rifamycin drugs (4 previously untested) and assessed the

effect of oxidation on antimicrobial activity. Each susceptible rifamycin, 10 μg/ml, was

incubated in PBS, pH 7.4 at 24 h at RT and oxidation was verified spectrophotometrically.

Gravimetric correction was made for evaporation. For rifamycins that showed oxidation, 50

μl of oxidized and non-oxidized drug, as wells as a control without drugs, were transferred

to a 96 well-plate. An inoculum of 5 × 104 CFU/ml Mycobacterium smegmatis mc2155 was

added to each well. The plate was incubated for 30 min at 37°C. Immediately thereafter, 150

μl 7H9-G-TW were added to give a final drug concentration of 2.5 μg/ml, time-point 0 h.

Luminescence as an indicator of microbial survival (see below) was measured after 0 h and

48 h. Each experiment was repeated at least 9 times. P-values were calculated using non-

parametric methods (paired Wilcoxon Signed Rank, Sign Test), (Microcal Origin,

Northhampton, MA, USA).
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2.8 Luminescence assay

Bacterial luciferase (Vibrio harveyi) previously introduced into Mycobacterium smegmatis

mc2155 with the vector pSMT3LxEGFP, was provided by Brian D. Robertson (Imperial

College London) [30]. Luminescence measurements were obtained using a Berthold Sirius

single tube luminometer (Berthold Technologies, Bad Wildbad, Germany). Ten μl samples

were diluted with 190 μl PBS, pH 7.4. Bacterial luminescence was measured immediately

after addition of 20 μl substrate, 1% n-decyl aldehyde (Sigma-Aldrich, St. Louis, MO, USA)

in ethanol, for 10 s using an integration time of 1 s, and the results were expressed in relative

light units (RLU). Sterile PBS without bacteria was used to measure background and

subtracted from sample RLU measurements. The RLU:CFU ratio was determined to be

10:1. The exponential growth rate constant (k) was determined under control conditions

using k=ln(N/ N0)/t-to where N0= initial number of bacteria at initial time to, and N= number

at time t. The percent survival of cells was determined in the experimental groups from the

ratio of the number of bacteria observed from that expected at 48 hours given k above and

N0 verified from the RLU at time 0 for each experiment.

3. Results

3.1 Spectral characteristics of the six rifamycin derivatives

Comparison of antimicrobial activity and oxidation is predicated on accurate and consistent

measurements of drug concentrations. Accurate extinction coefficients are important to

make dilute antibiotic concentrations needed to determine the MIC. The absorbance spectra

and chemical structures for the six major rifamycin derivatives are shown in Fig. 1. The

spectra of rifampin and rifapentine are nearly superimposable, the latter chemically differing

only by a cyclopentyl group. The spectra for the other drugs are unique. For two rifamycin

derivatives, extinction coefficients (ε) were not previously published and limited for two

others (Table 1). The ε used for the rifamycin derivatives in two solvents are shown in Table

1. As DMSO showed intrinsic absorbance in the spectra at shorter wavelengths, only

wavelengths ≥320 nm were used for calculations of ε in this solvent. Comparison of values

of ε with those previously published reveals close agreement [18, 31-33]. For drugs for

which values of ε have not been published, the averages of three experimental values are

provided. Rifalazil shows the highest ε of any of the rifamycins with intense red spectral

absorption. This can be expected from π to π* transitions for a molecule with extended

conjugation as well as substitutions on the additional aromatic rings by groups carrying

nonbonding or π electrons in benzoxazinorifamycin.

3.2 Autoxidation of rifamycins

Autoxidation of rifampin can be readily monitored spectrophotometrically at 475 nm [18,

27]. Spectral changes of autoxidation of rifampin are nearly complete after 24 h [18]. Three

rifamycin derivatives were found to show spectral changes under autoxidizing conditions

(Fig. 2). Isosbestic points were noted for rifampin, rifamycin SV, and rifapentine indicative

of 2 distinct chemical forms for each, the oxidized and reduced forms. The isosbestic points

(Fig. 2) indicate that the oxidation reaction is limited to two molecular forms of the drugs

that are isoabsorbant at specific wavelengths. For practical purposes isosbestic spectral

points statistically exclude the possibility of nonspecific degradation involving multiple
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molecular species. As expected from the structure, rifampin and rifapentine share the same

oxidation spectral characteristics with abrogation of the major absorbance peaks at 475 nm.

Oxidation of rifamycin SV resulted in diminishing peaks at 448 nm.

Rifaximin, rifabutin and rifalazil varied in solubility with buffer composition but did not

show spectral changes under autoxidizing conditions when properly solvated. Following

oxidation experiments mass spectrometry confirmed the loss of two Daltons from the

predicted M+H, M+Na, and/or M+K ions for samples of rifampin, rifamycin SV and

rifapentine (Fig. 2D ). No oxidized species were identified for the other drugs; major

monoisotopic peaks were observed for rifalazil, rifabutin, and rifaximin at m/z of 863.4,

869.4 and 808.4, respectively all representing the (M+Na)+ adducts of the reduced species.

An additional peaks was noted for rifalazil representing the (M+K)+ adduct.( Figure S2).

3.3 Protection from oxidation of rifamycins by tear lipocalin

We also explored the protective effect of tear lipocalin on the oxidation for the susceptible

rifamycin drugs as previously published for rifampin [18]. Tear lipocalin confers protection

from autoxidation for at least 3 h for rifampin, rifapentine, and rifamycin SV (Fig. 3A-D).

To obtain adequate spectral peaks, tear lipocalin was used in molar excess, but this

concentration falls within the range in human tears, 57-165 μM [16].

Ethylenediaminetetraacetic acid (EDTA) blocked the oxidation for all susceptible drugs

(Fig. 3) [18, 27].

To determine if the binding of tear lipocalin provides protection from a strong oxidizing

agent, K3Fe(CN)6 was added to rifamycin drugs after initial protection with tear lipocalin

[17]. As illustrated in Fig. 3E and 3F, rifampin and rifapentine were both rapidly oxidized in

the presence of K3Fe(CN)6 despite initial protection from autoxidation for 3 h. Rifamycin

SV appeared better protected by tear lipocalin (Fig. 3F).

3.4 Influence of drug binding to tear lipocalin

Because the complex of tear lipocalin and rifampin inhibits drug oxidation [18], relative

binding was determined for the rifamycins. Additionally, tear lipocalin is known to

solubilize lipids. Augmenting the solubility of rifalazil (completely insoluble in buffer) with

tear lipocalin was explored. The binding curve for the complex of rifalazil and tear lipocalin

is shown in Fig. 4. Analysis of size exclusion chromatograms provides a comparison of

relative binding for the other rifamycins (Fig. S1, Fig. 4A). In the early eluted fractions the

corrected absorbance profiles verify the co-elution of rifamycin drugs and tear lipocalin. For

most rifamycins the protein-ligand complex consistently elutes in fraction 2. However,

rifalazil binds more strongly to tear lipocalin by almost two orders of magnitude than

rifampin (rifalazil Kd = 2.3 + 0.66 μM, rifampin Kd = 128 + 18 μM) and more than one

order of magnitude than the other rifamycins (Fig. 4A).

The spectra of the tear lipocalin-rifalazil complex shows a distinctive broadening of the peak

at 605 nm comprised of expansion to the red side of the peak (Fig. 5). Successive scans

reveal the reaction kinetics and show that the red shift increases over time up to 44 min and

can be easily fit to a sigmoidal plot (Fig. 5 inset).
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3.5 MICs of rifamycins for Mycobacterium smegmatis

The MICs of rifamycins for Mycobacterium smegmatis wt and Mycobacterium smegmatis

mutant were easily read after 5 days of incubation and the plaque count did not change after

7 to 10 days. The MICs for wt and mutant were all within the tested concentration range and

results are depicted in Table 2. The inocula sizes for each round of drug susceptibility

testing are shown in Table S2.

Among the tested rifamycin derivatives, rifalazil was the most bactericidal with lower MICs

for both Mycobacterium smegmatis wt and the mutant than the MICs of rifabutin, rifaximin

and rifamycin SV (Table 2). The highest MICs were measured for rifampin and rifapentine.

The mutant showed more sensitivity than the wt for all rifamycins. A relative comparison of

drug sensitivity of the wt versus the mutant is provided by the resistance factor R, which is

given as MICwt/MICmutant. Interestingly, rifalazil was closer in drug sensitivity between wt

and mutant, R≈2. The Mycobacterium smegmatis mutant was much more sensitive to

rifampin and rifapentine than was the wt; R = 8 for both drugs (Table 2).

3.6 Effect of rifamycin oxidation on bacterial growth

The three oxidized rifamycin drugs showed less antibacterial activity than non-oxidized

forms (Fig. 6) (Table 3).

4. Discussion

The key findings of this paper are the elucidation of extinction coefficients for rifamycins

not previously described, a head to head comparison of all major rifamycins for

antimicrobial activity in Mycobacterium smegmatis, absorption spectroscopy of each major

rifamycin in oxidized and/or reduced form, reduction in mycobacterial activity from

oxidation including autoxidation of some rifamycins, protection from oxidation based on the

protein binding affinity to tear lipocalin, and enhanced solubility for rifalazil by binding tear

lipocalin.

4.1 Comparison of anti-mycobacterial activity of rifamycins

Prior studies of antimicrobial activity have been limited to historical comparisons of few

experimentally obtained MICs for only a small number of drugs. Inter-laboratory variability

is evident from different methodologies including different solvents to dissolve the drugs,

varying concentrations of drugs due to a lack of accurate extinction coefficients, non-

uniform inocula sizes and use of Tween affecting cell permeability [5, 29, 34-38]. In our

study these factors were rigorously controlled. Oxidation was unlikely to affect our drug

susceptibility assay because less than 10% of even the most susceptible rifamycin, rifamycin

SV, is oxidized within 30 minutes. Rifamycins have been shown to penetrate cells to an

intracellular concentration that is five-fold greater than the extracellular concentration within

30 minutes in vitro [39].

Rifalazil stands out as the most potent rifamycin tested in Mycobacterium smegmatis, with

16 times the mycobactericidal activity as that of rifampin and a resistance factor of only 2.

Similar results have been published for rifalazil against Mycobacterium tuberculosis H37Rv
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(MICs ranging from 0.004 to 0.035 μg/ml) [40, 41]. Mycobacterium smegmatis appears to

be a valid model for comparison.

Rifabutin was second in activity against Mycobacterium smegmatis (Table 2). Rifabutin is

also a relatively strong anti-mycobacterial agent that has affinity for tear lipocalin.

4.2 Oxidation of rifamycins

Mycobacterium tuberculosis lives in a profoundly oxidizing environment. Orally

administered rifamycins confront body fluids with abundant divalent cations. Oxidation of

rifamycins may have implications for toxicity and efficacy. Three of the six major rifamycin

derivatives, including rifampin are susceptible to auto-oxidation. Oxidation is readily

monitored spectroscopically as a diminution in the major visible absorption peak after 400

nm. The isosbestic points occur only in rifamycins that have accessible hydroxyls in the

hydroquinone and exclude non-specific degradation. The spectral changes were shown to be

specific for the oxidation of rifampin and verified by mass spectrometry (MS/MS) [18].

Rifamycin SV is known to oxidize to form rifamycin S in the presence of divalent cations, a

reaction used for the synthesis of rifamycin analogs [42, 43]. Rifampin and rifapentine are

similar in structure and spectral characteristics. Rifabutin, rifaximin and rifalazil lack a

hydroquinone susceptible to oxidation. These structural features fit our UV-Vis and mass

spectra. Rifabutin served as a negative control for oxidation experiments (Table 3).

4.3 Antimycobacterial activity of oxidized rifamycins

While the relative potency of the rifamycins in Mycobacterium smegmatis is similar to

Mycobacterium tuberculosis, the results with oxidized rifamycins may be dependent on the

organism. For example rifamycin S has been reported to have a similar MIC as rifamycin

SV for Mycobacterium tuberculosis (.05 μg/ml) [44]. The same study also reported that

rifamycin S has a higher ED50, than rifamycin SV against Staphylococcus aureus, in mice.

Further, the MIC’s of these drugs in Mycobacterium smegmatis are about 10 fold greater

than that reported for Mycobacterium tuberculosis.

Another concern is that the rifampin-quinone has been shown to have greater binding to a

subunit of RNA polymerase than the hydroquinone in a rolling transcription assay [45].

Discrepancies of the rolling transcription assay versus classic drug susceptibility testing

have been attributed to off-target effects including efflux pumps [46]. The rifampin-quinone

has also been published to bind irreversibly to proteins, RNA and poly-Lysine in a “non-

enzymic reaction” [47] so that other intracellular events may account for differences.

4.4 Protection from oxidation by protein binding

Protection from oxidation conferred by tear lipocalin may be related to the Kd (Fig. 4A) for

susceptible rifamycins. For rifamycin SV some protection is afforded even in the presence

of an extremely strong oxidizing reagent K3Fe(CN)6 (Fig. 2C and 3C).

4.5 Mechanistic considerations of rifamycin binding to tear lipocalin

The binding of ligands to tear lipocalin has been well studied in solution and crystal

structure [48-52]. The lipocalin calyx can accommodate a single ligand oriented with the
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hydrophobic moiety inside the cavity; the binding curves for both rifampin and rifalazil are

consistent with a single ligand. Comparison of rifamycin structures depicted in Fig. 1 reveals

that the three with the lowest relative dissociation constants for tear lipocalin share the

presence of alkyl groups at position 3. Rifalazil and rifabutin have isopropyl and rifaximin

has a methyl group in this position. The relationship between the length of the alkyl group

on ligands and binding free energy has been studied for tear lipocalin. Each CH2

corresponds to a binding free energy difference of 600 cal/mole up to an alkyl chain length

of C18 [24]. Estimates available from crystallography of tear lipocalin measure the cavity

mouth as 10 Å in diameter with a cavity depth of 15 Å [53]. In solution, the functional

cavity dimensions are such that tear lipocalin accommodates ligands that have simple ring

structures as well as alkyl chains to about 18 Å in depth. However, molecules of 9.1 Å are

rejected [50] presumably because of the overhanging loops at the calyx mouth [54]. The

leading isopropyl chain in rifalazil and rifabutin as well as the additional six member ring in

rifalazil fit within the calyx opening and cavity depth of tear lipocalin The increase in

binding affinity of rifalazil over rifampin corresponds to an approximate free energy change

of about 2.4 kcal/mole, which is reasonable given the extended structure from R1 (Fig. 1A,

B). The increased binding fits the accommodation of the hydroxyl on the benzoxanino ring

of rifalazil (Fig. 1), but the the large hydroquinone of other rifamycins would be restricted

from entering the cavity mouth of tear lipocalin explaining the lower binding affinity.

The spectral features of rifalazil are also relevant to tear lipocalin binding. The peak of the

spectrum for rifalazil appears at about 605 nm with a low shoulder on the red side of the

spectrum at about 648 nm (Fig. 1). However, binding with tear lipocalin is accompanied by

elevation of the shoulder at 648 nm (Fig. 4). This constitutes a bathochromic (red) shift and

slight hyperchromism. Such a spectral change generally connotes a change in the

environment surrounding the chromophore including a photoinduced charge transfer and an

increase in the molecular dipole [55]. The Kd for rifalazil of 2.3 μM concurs with reduced

solvent accessibility for spin labeled [56] and fluorescent labeled ligands buried in the

lipocalin cavity [48].

4.6 Clinical implications for oxidation of rifamycins and toxicity

The clinical implications of oxidation of rifamycins have not been well studied.

Hepatoxicity from anti-tuberculous therapy has been linked to polymorphisms in genes that

express repressors to antioxidant pathways [57], but appears unrelated to deacetylated

metabolites of rifamycins [58]. The toxicity of rifamycins has been better related to the

amount of the unbound drug which can freely diffuse into cells of the bone marrow, lung,

and liver [59]. One would expect to find the rifampin-quinone in the blood of patients taking

rifampin. However the rifampin-quinone has not been identified as a plasma metabolite in

patients despite the presence of the active 25-deacetylated and 3-formyl variants [60]. In the

aforementioned study not all HPLC peaks were characterized. The rifampin-quinone has

been proffered to “irreversibly” bind albumin [47], which might complicate extraction and

detection. In addition, oxidation of rifampin may be limited to tissues with an oxidizing or

inflammatory environment containing endogenous peroxidases [61].
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Although rifalazil is a very attractive anti-mycobacterial agent, the side effects from once

per week dosing have been reported and manifest as transient flue-symptoms, neutropenia,

and thrombocytopenia [62]. Notably lacking with rifalazil is either evidence of

hepatotoxicity or induction of CYP3A4 [63]. In the circulation of animals rifalazil is 99%

bound to serum albumin as opposed to rifampin (80% to 85%) [64, 65]. The lack of

oxidation of rifalazil and the lack of free drug in serum due to enhanced protein binding are

just two of many possible explanations for a lack of hepatotoxicity.

4.7 Drug delivery implications

Rifampin binding and protection from oxidation by tear lipocalin is greater than that

achieved by serum albumin [18]. These findings invite speculation regarding potential

selective targeting in tuberculosis. Rifalazil could be delivered complexed to tear lipocalin

or another binding protein via an inhaler to avoid the liver. Tear lipocalin is nominally

produced in the lung so exogenous protein would not induce antibody formation. Lack of

immunogenicity is a feature of one newly engineered anticalin, which is based on the calyx

structure and promiscuous ligand binding of tear lipocalin [66]. In our case release of the

drug at the target could be enhanced by a number of local conditions. An acidic environment

is created in granulomata and may result in release of rifamycin compounds from tear

lipocalin [18]. In addition mycobacteria produce abundant mycolic acids with an alkyl chain

length in excess of 20 carbons [67, 68]. Tear lipocalin can accommodate an alkyl chain

length of 18 with a Kd of 1.3 μM [69]. Based on the equilibrium constants, mycolic acids

would be expected to displace rifamycins (Fig. 4) from tear lipocalin at the site of infection.

Although rifalazil has extremely high intracellular penetration [65], specific and enhanced

delivery to mycobacteria that reside dormant in macrophages may be possible with a

lipocalin. A delivery mechanism through a lipocalin receptor is plausible since at least one

receptor, that for neutrophil gelatinase-associated lipocalin (NGAL) is known to be

expressed and upregulated in macrophages in the presence of mycobacterial infection [70].
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Chemical compounds studied in this article

Rifampin (PubChem CID:24871024); Rifalazil (PubChem CID:6540558); Rifabutin

(PubChem CID:6323490); Rifamycin SV (PubChem CID:6324616); Rifapentine

(PubChem CID:6323497); Rifaximin (PubChem CID:6436173); Rifamycin S (PubChem

CID:6436726)
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Highlights

• A mutant of Mycobacterium smegmatis is validated as a model for M.

tuberculosis.

• Some rifamycins oxidize with apparent reduction of antimicrobial activity.

• Tear lipocalin protects susceptible rifamycins from oxidation.

• Tear lipocalin binds and solubilizes rifalazil with resulting solvatochromism.

• Tear lipocalin is a potential drug delivery vehicle for rifamycins in tuberculosis.
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Fig. 1.
Absorbance spectra of six rifamycin drugs at pH 7.3. Rifampin (15 μM) ( ),

rifapentine (15 μM) ( ), rifamycin SV (15 μM) ( ), rifalazil (15 μM)

(————), rifaximin (15 μM) ( ), and rifabutin (30 μM) ( ). Inset (A,

B): Base chemical structures of all six rifamycin drugs (left) and unique groups (right). The

hydroxyls at positions 1 and 4 may be oxidized to form the hydroquinone. The sole hydroxyl

of the benzoxanino moiety is a candidate for oxidation on rifalazil. Hydroxyls are not

available at position 1 and 4 for autoxidation for rifabutin or rifalazil.
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Fig. 2.
Autoxidation of rifamycin drugs at pH 7.3 after various times in phosphate buffer. (a) 1 min,

(b) 20 min, (c) 40 min, (d) 80 min, (e) 120 min, (f) 180 min, (g) 24 h. Absorbance spectra of

(A) rifampin (15 μM), (B) rifapentine (15 μM), (C) rifamycin SV (15 μM). (D) Mass

spectrum of oxidized rifapentine shows predicted monoisotopic m/z of 825.5, 897.2 and

913.1 for the M+H, M+Na and M+K ions.
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Fig. 3.
A-D. Oxidation of rifamycin drugs in the presence of tear lipocalin. For comparison,

autoxidation of rifamycin drugs alone (-●-), protected with tear lipocalin (100 μM) (-■-),

and in the presence of the divalent ion chelator EDTA (5 mM) (-△-). (A) rifampin (15 μM),

(B) rifapentine (15 μM), (C) rifamycin SV (15 μM). D-F. Addition of K3Fe(CN)6 to

rifamycin drugs protected with tear lipocalin after 180 min at pH 7.3 in phosphate buffer.

Absorbance spectra of rifamycin drugs and tear lipocalin (100 μM) after 1 min (————),

180 min (-- -- --), and 180 min with K3Fe(CN)6 (90 μM) (…). (E) rifampin (15 μM), (F)

rifapentine (15 μM), (G) rifamycin SV (15 μM), (H) rifalazil (15 μM).
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Fig. 4.
A. Dissociation constants for rifamycins. *Estimated by gel filtration experiments (profiles

shown in Figure S1). B. Ligand binding curve for rifalazil and tear lipocalin determined by

spectrophotometric measurement of the soluble complex. The experiment was performed at

pH 7.4 in PBS-buffer. The fitting curve is indicated (————).
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Fig. 5.
Red shift (solvatochromism) in absorbance spectra taken at successive 2 minute intervals

from A to W of rifalazil (30 μM) added to tear lipocalin (100 μM), in 10 mM sodium

phosphate, pH 7.3 Inset: Kinetics of solvatochromism, baseline corrected absorbance at 635

nm plotted (black circles) over 40 minutes fits a sigmoidal function (solid line).
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Fig. 6.
Influence of antibiotics. Reduced versus oxidized rifamycin drugs. M. smegmatis mc2155

was incubated at pH 7.4 in PBS-buffer with rifamycin drugs (10 μg/ml) for 30 min.

Thereafter 150 μl 7H9-G-TW was added and incubated for 48 h. (A) rifampin, (B)

rifapentine, (C) rifamycin SV, ( Error bars indicate SD, n = 6.)
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Table 1
Extinction coefficients of rifamycin drugs

Drug Wavelength Current study Literature

(nm) εDMSO

(mM−1cm−1)
SD εMeOH

(mM−1cm−1)
SD εLiterature

(mM−1cm−1)
Reference

Rifampin 237 N.A.* N.A.* 34.53 1.90 33.2; 33.4 [26]; [29]

255 N.A.* N.A.* 32.49 1.77 32.1 [29]

334 26.83 0.24 27.16 1.49 27.0; 26.4 [26]; [29]

470 15.49 0.16 15.11 0.84 15.3 [26]

475 15.98 0.16 15.49 0.86 15.4 [29]

Rifapentine 237 N.A.* N.A.* 33.54 0.51 - -

255 N.A.* N.A.* 32.31 0.26 - -

334 26.39 0.48 26.46 0.14 26.7 [29]

470 15.28 0.27 14.68 0.05 - -

475 15.74 0.27 15.04 0.05 15.2 [29]

Rifamycin SV 237 N.A.* N.A.* 37.97 0.22 - -

255 N.A.* N.A.* 21.43 0.14 - -

334 10.89 0.94 10.67 0.09 - -

445 14.29 1.24 14.61 0.13 14.2 [30]

470 11.24 1.95 11.69 0.11 - -

475 11.08 0.19 10.32 0.08 - -

Rifaximin 232 N.A.* N.A.* 38.14 0.60 38.4 [29]

260 N.A.* N.A.* 26.57 0.45 26.6 [29]

292 N.A.* N.A.* 22.88 0.35 23.2 [29]

320 16.97 0.13 16.74 0.22 17 [29]

370 9.90 0.09 9.22 0.14 9.4 [29]

450 12.89 0.14 12.54 0.29 12.5 [29]

Rifabutin 320 15.73 0.72 - - - -

510 3.13 0.21 - - - -

Rifalazil 368 9.93 0.99 - - - -

654 30.85 2.98 - - - -

*
N.A. = not available, the extinction coefficient could not be determined accurately at the indicated wavelengths, because DMSO dominated

absorbance.
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Table 2

Activity of antibiotics against M. smegmatis mc2155 and RHS 234

Drug MIC (μM)

mc2155 RHS 234

Rifampin 2.43 0.30

Rifapentine <2.28 0.14

Rifamycin SV <1.38 0.69

Rifaximin <1.27 0.16

Rifabutin 0.30 0.07

Rifalazil 0.13 <0.06
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Table 3
P-values for comparison of oxidized versus reduced rifamycins

DrugReduced DrugOxidized Sign-Test Wilcoxon
Signed Rank

Test

Rifampin Rifampin oxide 0.002 0.002

Rifapentine Rifapentine
oxide

0.002 0.002

Rifamycin SV Rifamycin S 0.02 0.006

Rifabutin Negative control NS* NS*

*
NS= not significant, p-value >0.05
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