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SUMMARY

Although tuberculosis (TB) is one of the most common causes of morbidity and mortality in 

humans worldwide and diagnostic methods have been in place for more than 100 years, diagnosis 

remains a challenge. The main problems with diagnosis relate to the time needed to obtain a 

definitive result, difficulty in obtaining sputum, the primary clinical material used, and the ability 

of the causative agent, Mycobacterium tuberculosis, to cause disease in nearly any tissue within 

the body. In order to decrease incidence of TB, discovery of a novel interventions will be required, 

since current technologies have only been able to control numbers of infections, not reduce them. 

Diagnostic innovation is particularly needed because there are no effective pediatric or 

extrapulmonary TB diagnostic methods and multiple-drug resistance is only identified in less than 

25% of those patients that are thought to have it. The most common diagnostic method worldwide 

remains acid-fast stain on sputum, with a threshold of ~10,000 bacteria/ml that is only reached ~5–

6 months after development of symptoms. In order to obtain definitive diagnostic results earlier 

during the disease process, we have developed a diagnostic method designated reporter enzyme 

fluorescence (REF) that utilizes BlaC produced by M. tuberculosis and custom substrates to 

produce a specific fluorescent signal with as few as 10 bacteria/ml in clinical samples. We believe 

that the unique biology of the REF technique will allow it to contribute new diagnostic 

information that is complementary to all existing diagnostic tests as well as those currently known 

to be in development.
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Worldwide incidence of tuberculosis (TB) has risen and fallen with the frequency of HIV 

infection from 1990 until 2012, rather than improvements in management practices for 

tuberculosis itself [20]. This observation suggests that our management practices need to 

change in order for us to have an impact on tuberculosis incidence. In our own laboratory, 

we have targeted diagnostic strategies, since they have the potential to change the TB 

management landscape due to the fact that current diagnostic methods often cannot make a 

diagnosis prior to transmission [1,15]. Recent optical imaging technological developments 

have created more sensitive ways to visualize and quantify mycobacteria within cells and in 

vivo [2,3,6–9,12,21]. Despite these advances, reduction in signal due to tissue depth make 

application to diagnosis in humans extremely difficult. Since invasive methods to diagnose 

TB are not desirable due to risk to the patient and the need sterile surgical facilities, 

diagnosis of TB is primarily limited to sputum. Sputum is an effective clinical material for 

TB diagnosis in the case of adults that have the pulmonary form of TB, but it is not 

sufficient for children where it is difficult to obtain sputum [11] and adults that have the 

extrapulmonary form of TB that occurs at a high frequency in HIV positive patients 

[4,10,14,17,18]. We chose to initially develop a diagnostic test for sputum to avoid 

interference in the current diagnostic path and because optical technologies based on 

reporter enzyme fluorescence (REF) should be complementary to existing diagnostic 

technologies.

REF is very sensitive because it uses the robust catalytic beta-lactamase enzyme produced 

by M. tuberculosis called BlaC to cleave custom fluorogenic substrates designed to be 

specific for this unique enzyme [3,21]. REF technology should produce complementary 

results as compared to existing diagnostic technologies because it requires viability of the 

bacteria due to the need for ATP in twin-arginine translocation (Tat) secretion of BlaC, but 

does not require complete bacterial replication as would be required for culture-based 

diagnosis. Acid-fast stain-based diagnosis requires the integrity of the mycobacterial cell 

wall, but does not require bacterial viability; whereas, REF requires only bacterial viability 

as measured by enzyme activity, which may not always involve a cell wall that stains acid-

fast, since non-acid-fast staining Mtb have been observed during infection. PCR-based 

diagnosis requires DNA or RNA to be present, not viability, but REF requires viability and 

would not require the integrity of the DNA or RNA. Thus, the biology of REF diagnostic 

techniques is very different from that responsible for other TB diagnostic strategies, making 

it likely that even with great variability in diagnostic material and patient severity, REF 

would provide positive results in a different class of samples than the other technologies. We 

propose that because of its unique biology, REF-based diagnosis is likely to fill an important 

niche in TB diagnosis.

One of the first issues with use of a fluorogenic probe to detect tuberculosis is the optimal 

wavelength for reading the samples that will give maximal sensitivity. In order to determine 

the best wavelengths for our probe, designated CDG-3 [3], we scanned the excitation and 

emission of the substrate before and after exhaustive cleavage by BlaC (Figure 1) in 2-(N-

morpholino)ethanesulfonic acid (MES) buffer as described previously [3]. Using the 

emission wavelength of 532 nm, we found that the best excitation wavelength was around 

490 nm, giving a two- to three-fold difference in signal between the fully cleaved and un-

cleaved substrate. We used the excitation wavelength of 492 nm and found that the peak 
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difference in signal between cleaved and un-cleaved substrate is obtained at 510 nm. 

However, we chose 532 nm as the emission wavelength because it provides similar 

differences in signal between the cleaved ad un-cleaved substrate, but is further from the 

excitation wavelength, reducing the possibility of bleed-through from excitation filters in 

simple fluorescence reader systems. Despite this fact, there is a reasonably wide emission 

spectrum that would allow different filters to be used in readers that range from 510 nm to 

540 nm with reasonably good sensitivity. Based on this information, we expect to choose 

filter systems that are cost-effective, yet still provide the highest sensitivity possible with 

clinical material that may itself absorb in this wavelength range due to contaminating 

hemoglobin or other biological material. Detailed analysis of multiple clinical samples to 

gain insight into the variability observed in absorbance should be the focus of future work to 

optimize reader design. In general, we expect the reader to be very low cost, with our first 

reader constructed from readily available materials and easily costing <$500 [21].

Once we had determined optimal excitation and emission conditions for CDG-3, we 

compared the sensitivity of this new substrate [3] to our first generation substrate CDG-OMe 

[21]. M. tuberculosis var. bovis strain bacillus Calmette-Guérin (BCG) was used in REF 

assays [3]. BCG was cultured in 7H9 broth (Difco, Detroit, MI) supplemented with 0.5% 

glycerol, 10% oleic acid albumin dextrose complex (OADC) and 0.05% Tween 80. The 

bacterial culture was incubated at 37 °C, 5% CO2 until an optical density at 600 nm of 0.5 

was achieved. Bacterial dilutions were made in MES buffer and 100 CFU were added to TB-

negative sputum in a final volume of 0.5 ml. Briefly, sputum with BCG was mixed with 

equal volumes (total volume of 1 ml) of Transport Stabilization Solution (TSS) and 

incubated at room temperature for 1 h. REF solution containing the desired probe 

concentration was then added and the sample was assayed at Ex/Em of 498/535 using an 

EnVision® (PerkinElmer, Waltham, MA). CDG-OMe concentration of 1 μM and a 10-fold 

lower concentration of CDG-3 (0.1 μM) were used. The samples were read every 20 min and 

ΔF was calculated by subtracting the fluorescence signal obtained at time zero. We found 

that CDG-3 displays greater sensitivity than CDG-OMe, even when used at 10-fold lower 

concentrations than CDG-OMe (Figure 2). Both substrates display good sensitivity for 100 

CFU/ml of BCG in sputum after 20 min of incubation, but CDG-3 displays a three-fold 

difference between sputum alone and bacteria; whereas, CDG-OMe only displays a two-fold 

difference. The difference in fluorescence observed with BCG increases to over five-fold at 

most time points out to 3 h, but CDG-OMe only displays a three-fold difference at most time 

points. One of the reasons that we suspect this difference is observed is due to the greater 

aqueous stability of CDG-3 as compared to CDG-OMe. In general, we observe a steady 

increase in background signal with CDG-OMe over time in the absence of BCG, but CDG-3 

displays a similar level of background for the full 3 h of incubation at room temperature. 

These data suggest that CDG-3 is a more stable substrate in biological materials and will 

future substrates based upon its backbone may further improve the desirable characteristics 

of high sensitivity and stability.

Because clinical materials are often contaminated with other bacterial species that can also 

express beta-lactamases [21] and other beta-lactamases could interfere with the ability of 

REF to detect TB in clinical samples, we were interested in the level of specificity observed 

with CDG-3. Recombinant BlaC beta-lactamase was expressed in E. coli BL21 (DE3) as 
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described previously [19]. Briefly, cells were grown in 1 L of LB media containing 50 

μg/mL of kanamycin to an OD600 of 0.6–0.8 at 37 °C before inducing it with 1 mM of 

IPTG. The culture was grown at 4 °C for 16 h with shaking. Bacterial pellet was obtained by 

centrifugation, re-suspended in 25 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 2 mM beta-

mercaptoethanol and lysed by sonication. After centrifugation, the supernatant containing 

the soluble proteins was loaded on a Ni2+ His-Trap chelating column, purified using an 

AKTA FPLC and eluted with an imidazole gradient (0–0.5 M). The purity of BlaC was 

determined by SDS-PAGE, and protein fractions were concentrated with 10-kDa cutoff 

protein filters. The protein concentration was determined using Bio-Rad Bradford protein 

assays. Beta-lactamase activity of BlaC was measured spectrophotometrically using 

nitrocefin assays [13]. Although our previous studies suggest that our fluorogenic substrate 

CDG-3 is highly specific [3], demonstrating approximately 10,000 fold specificity for BlaC 

over the common E. coli β-lactamase TEM-1, we examined additional beta-lactamases 

TEM-1, AmpC, KPC2, CTX-M-15 and P99 (Figure 3). Purified beta-lactamases were kindly 

provided by AstraZeneca (Waltham, MA). The enzymes were diluted in MES buffer (pH 6). 

Standard nitrocefin assays carried out at room temperature [13] were used to calculate active 

enzyme units in each purified protein preparation. Briefly, 200 μM nitrocefin was mixed 

with each beta-lactamase enzyme at concentrations of 0.1 nM–5.5 nM. Absorbance at 485 

nm was measured after 80 min for each enzyme concentration and the number of active 

enzyme units calculated as a function of the change in absorbance over time. CDG-3 assays 

were then carried out for each enzyme and the data were normalized to the number of active 

units present for the Mtb BlaC enzyme. The fluorescent signal was read under conditions for 

CDG-3 30 min after addition of the substrate at Ex/Em of 498/535 and expressed relative to 

background. Although some background activity is observed with other beta-lactamases, the 

activity of BlaC is at least five-fold higher under these conditions. These data confirm our 

earlier observations that CDG-3 is specific for Mtb BlaC and should display very low 

background, even in the presence of other bacterial species expressing different beta-

lactamases.

The good specificity of CDG-3 suggests that it could be useful for detection of Mtb in 

clinical samples that can be contaminated with other bacterial species, but our main concern 

was that the specificity had come at the price of sensitivity. However, we examined the 

ability of CDG-3 to detect Mtb in sputum and found that it had very good sensitivity and 

showed a good correlation with CFU from 10 to 100,000 CFU of BCG (Figure 4) as early as 

20 min after addition of substrate. Bacterial dilutions were made in MES buffer and 

appropriate volume of the dilutions was added to TB negative sputum to obtain a final 

concentration, during the assay, of 10, 100, 1000 and 10,000 CFU/ml. BCG was incubated in 

TB negative sputum for 1 h and then mixed with equal volume of TSS, giving a final volume 

of 1 ml, and further incubated for an hour at room temperature. 1 nM of purified BlaC added 

to TB negative sputum was used as a positive control. The TSS incubation was followed by 

addition of REF solution containing the substrate. The samples were read continuously for 

120 min using EnVision® (PerkinElmer, Waltham, MA) at an Ex/Em of 492/535 nm. These 

data demonstrate that CDG-3 can be used to detect very low numbers of BCG and suggest 

that detection of as low numbers of Mtb as 10 CFU should be possible, even in sputum. This 

detection level is 1000-fold better than acid fast stain and approximately equivalent to 
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culture. These levels of sensitivity are such that, should a diagnostic system be produced 

with CDG-3, it would greatly facilitate detection of TB at thresholds that have previously 

been impossible without waiting the six weeks required for culture.

Although autofluorescence has been utilized with some success to diagnose tuberculosis 

[5,16], the thresholds of detection are thought to be much higher than the 10 CFU needed for 

REF, requiring more than 106 bacteria/ml sputum [16]. Although it seems possible that at 

the wavelength ranges we are using (Ex/Em of 492/535 nm) some autofluorescence (Ex/Em 

of 405/475 nm) would be observed, no autofluorescence is observed when mycobacteria are 

excited at 488 nm [16]. This difference suggests that autofluorescence does not contribute 

significantly to the data obtained with REF, which is supported by our observation that 

Mycobacterium avium does not produce signal in REF assays. Although M. avium is 

autofluorescent at similar wavelengths to other mycobacteria, it does not produce BlaC and, 

thereby, does not produce signal with REF [16].

We envision the future test to arise out of the REF system to serve as a true point-of-care test 

that can be administered by any minimally trained person in any location throughout the 

world. Since the reader will only require an LED for illumination, it could easily be 

handheld and battery operated. We have created prototypes of this type of system and they 

perform similar to the plate readers that we used to generate the current data, though they 

only have a single cutoff and emission filter. A standard phone camera can be used to 

capture the images, as we describe previously [21], or more sophisticated plate readers can 

be used. We prefer the less costly option to allow use in economically disadvantaged areas 

where TB is common.

1. Conclusions

We have identified a fluorogenic substrate for REF-based assays that has desirable 

characteristics for use in a diagnostic system for TB. The substrate, CDG-3, has an optimal 

excitation 493 nm and emission at 510 nm. However, use of 493 nm excitation with 535 nm 

gives excellent specificity and sensitivity. CDG-3 is specific for the Mtb BlaC beta-

lactamase over most other beta-lactamases and displays sensitive detection of 10 CFU in 

human sputum with a good correlation for change in fluorescence and CFU over 4-logs. 

Overall, these characteristics suggest that CDG-3 used in a REF system has promise as a 

diagnostic that could be applied at the point-of-care and provide sensitivity comparable to 

culture. This test could serve as either a solid stand-alone test or, potentially optimally, as a 

triage test upstream of additional diagnostic testing. Use of a CDG-3 REF diagnostic assay 

in this manner could have a profoundly positive impact on TB diagnosis.
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Figure 1. 
We evaluated the capability of CDG-3 to detect BlaC efficiently using the difference in 

fluorescence signal between un-cleaved (red lines) and cleaved probe (blue lines). A 

concentration of 100 nM purified BlaC in MES buffer (pH 6.0; Fischer Scientific, Waltham, 

MA) was dispensed into 96 well plates. CDG-3 was added to the well at a final 

concentration of 2 μM. The reaction was allowed to proceed in the dark for 1 h. The wells 

were read using EnVision®(PerkinElmer, Waltham, MA). Excitation (A) at 230–505 nm and 

emission (B) spectra 510–580 nm were collected using 535 nm and 492 nm as the emission 

and excitation wavelengths, respectively, and data presented as relative fluorescence units 

(RFU). Data shown are from a representative experiment repeated with similar results three 

times. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Figure 2. 
CDG-3 (A) demonstrates improved signal-to-noise as compared to the previous generation 

probe CDG-OMe (B) in REF assays. BCG was diluted to 100 colony forming units 

(CFU)/ml in tuberculosis-negative human sputum and REF assays carried out with and 

without each substrate under the same conditions. Results are reported as change in 

fluorescence (ΔF) at each time point as compared to time zero. At each time point after 10 

min, 10-fold lower concentrations of CDG-3 as compared to CDG-OMe were sufficient to 

allow detection of 100 CFU/ml of BCG (100) over sputum alone (Ctrl). Data shown are 

from a representative experiment repeated with similar results three times.
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Figure 3. 
(A) Recombinant BlaC was produced to high purity for analysis of the specificity of CDG-3 

by liquid chromatography. Protein was separated on a 12% SDS-PAGE gel and stained with 

Coomassie blue. BlaC was expressed from the lac promoter in E. coli strain BL21 by 

induction with 1 mM IPTG. We show total protein lysates with and without IPTG as well as 

the insoluble (pellet) and soluble (supernatant) fractions. The soluble fraction was purified 

on a Ni2+ column and eluted with different concentrations of imidazole. We show 0.1 M, 

0.18 M and 0.225 M imidazole eluates from the column, as indicated by the molarity next to 

the purified BlaC labels. The 0.1 M imidazole eluate was also run as a 1:10 dilution in MES 

buffer. (B) CDG-3 is highly specific to the β-lactamase produced by Mycobacterium 
tuberculosis BlaC. Equivalent enzyme units of purified β-lactamase enzymes were incubated 

with CDG-3 for 30 min at room temperature in a 96-well plate. The plates were then read at 

an Ex/ Em of 492/535 and data presented as relative fluorescent units (RFU). TEM-1 is a 

common plasmid-encoded β-lactamase in Gram negatives (Class A), AmpC is a common 

chromosomally-encoded β-lactamase in Gram negatives (Class C), KPC-2 is a common 

plasmid-encoded carbapenemase from Klebsiella (Class A), CTX-M-15 is one of the most 

common cefotaxime resistance proteins from Escherichia coli (Class A) and P99 is a 

common β-lactamase from Enterobacter (Class C). All enzyme and substrate dilutions were 

made in MES buffer.
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Figure 4. 
CDG-3 is capable of detecting as few as 10 colony forming units (CFU) of BCG in 

tuberculosis (TB)-negative human sputum. (A) BCG (10–10,000 CFU) or 1 nM purified 

BlaC enzyme was incubated in TB-negative sputum in a final volume of 1 ml for 1 h. REF 

assays were carried out by adding 0.1 μM CDG-3. The samples were read continuously for 

120 min using an EnVision®(PerkinElmer, Waltham, MA) plate reader at an Ex/Em of 

492/535 nm. Data are compared to TB-negative sputum without BCG added (Negative ctrl). 

(B) The correlation between the change in fluorescence (ΔF) and CFU was determined by 

calculating the linear relationship between these two at 20 min post-addition of CDG-3. All 

experiments were carried out in duplicate and data points represent the mean and error bars 

the standard deviation.
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