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The metabolic activity of Mycobacterium tuberculosis, assessed
by use of a novel inducible-GFP expression system, correlates
with its capacity to inhibit phagosomal maturation and
acidification in human macrophages

Bai-Yu Lee, Daniel L. Clemens”, and Marcus A. Horwitz
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School of Medicine, Center for Health Sciences, Los Angeles, CA 90095-1688

Summary

M. tuberculosis generally reside in phagosomes within human macrophages that resist maturation
and acidification, but exhibit significant heterogeneity. In this study we have constructed an IPTG
inducible-GFP expression system in M. tuberculosis to assess the relationship between the
metabolic status of M. tuberculosis and the degree of phagosomal maturation. Using these
recombinant bacteria, we have found that, in human macrophages, M. tuberculosis that respond to
IPTG with expression of GFP fluorescence, and hence are metabolically active, reside in non-
acidified phagosomes that have not fused with Texas Red dextran prelabeled lysosomes. In
contrast, M. tuberculosis that fail to express GFP in response to IPTG, and hence are metabolically
inactive, reside within acidified phagosomes that have fused with Texas Red dextran labeled
lysosomes. These studies demonstrate that metabolic activity of M. tuberculosis correlates
strongly with phagosomal maturation and that the inducible GFP expression system is useful for
assessing metabolic activity of intracellular M. tuberculosis.

Keywords
tuberculosis; CD63; LAMP; phagolysosome; immunofluorescence

Introduction

Mycobacterium tuberculosis, the etiological agent of tuberculosis, is a facultative
intracellular bacterium. In human macrophages, M. tuberculosis has been shown to reside in
a membrane-bound phagosomal compartment that resists fusion with lysosomes and is only
mildly acidified (Armstrong & Hart, 1971, Clemens, 1996, Clemens & Horwitz, 1995, Fratti
et al., 2000, Malik et al., 2000, Via, 1997, Xu et al.,, 1994). In previous studies, using the
cryosection immunogold technique, we have found that the M. tuberculosis phagosome
exhibits delayed clearance of MHC class | molecules, and relatively weak staining for
lysosomal membrane glycoproteins, CD63, LAMP-1, and LAMP-2, and lysosomal acid
protease, cathepsin D (Clemens, 1996, Clemens & Horwitz, 1995, Clemens & Horwitz,
1996, Clemens et al., 2000b, Clemens et al., 2000a). Studies by other investigators have also
demonstrated that M. tuberculosis and other mycobacterial species reside in phagosomes
that are less mature and less fusiogenic with lysosomes than phagosomes containing inert
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particles (Russell, 1994, Sturgill-Koszycki et al., 1994, Xu et al., 1994). These results are
consistent with the hypothesis that M. tuberculosis retards the maturation of its phagosome
along the endolysosomal pathway and resides in a compartment that has not matured fully to
that of a phagolysosome (Clemens & Horwitz, 1995).

Although the majority of M. tuberculosis reside in immature phagosomes, M. tuberculosis
phagosomes within a host cell consistently exhibit different degrees of maturation as
manifest by heterogeneity in the intensity of their staining for endosomal and lysosomal
markers, and in the extent to which they have fused with exogenously added tracers that
traffic through the endosomal-lysosomal pathway. We hypothesize that the metabolic status
of M. tuberculosis correlates with the degree of phagosomal maturation.

We describe in this study the construction of an inducible GFP expression system and the
utility of such a system in reporting the metabolic status of intracellular M. tuberculosisin
human macrophages. Using this reporter system, we demonstrate that metabolically active
M. tuberculosis reside in less mature and less acidified phagosomes than metabolically
inactive M. tuberculosis.

Establishment of a two-plasmid based inducible-expression system for mycobacteria

We adopted the T7lac repressor/operator system for expressing recombinant proteins in
Escherichia colito generate an inducible system with which to control gene expression in
mycobacteria during extracellular growth in liquid medium as well as during intracellular
growth in human macrophages. For its wide application in bioimaging, we selected the
green fluorescent protein gene as a reporter gene and placed it under the transcriptional
control of Pt7jac, an IPTG inducible promoter. In the absence of an inducer, gfp gene
expression is suppressed by the repressor Lacl9. The Lac repressor is produced
constitutively under the transcriptional control of the g/nAI1 promoter of M. tuberculosis.
Both the inducible gfp and the /ac repressor gene cassettes were cloned into pRE1, a
pAL5000 derivative, to generate the plasmid construct pRE-lacGFP (Fig. 1). We constructed
pGB-T7 RNAP by placing the T7 RNA polymerase gene under the control of the promoter
for the 32-kDa mycolyl transferase gene of M. tuberculosis on pGB9.2, a pMF1 derivative
(Harth et al., 2004). Addition of IPTG to the growing culture of mycobacteria carrying the
two plasmids displaces the Lac repressor from the T7lac promoter region and allows the T7
RNA polymerase to initiate transcription of gfp. As a result, the bacterium becomes green
fluorescent. The two plasmids, pAL5000 and pMF1, are compatible and each has been
estimated to be maintained at approximately 5 and 1.3 copies per bacterium (Bachrach et al,
2000, Stover et al., 1991). To establish an expression system in mycobacteria that met the
dual goals of low background in the absence of an inducer and strong green fluorescence
upon induction, we placed the /ac repressor and gfp gene cassettes on a pAL5000 replicon
based multicopy plasmid and the T7 RNA polymerase gene cassette on a pMF1 replicon
based single copy plasmid. To demonstrate the utility of such an inducible expression
system, we introduced it into M. fuberculosis (Mth-iGFP) for characterization in liquid
culture and cell culture. We refer to this strain as Mth-P3»-iGFP or simply Mtb-iGFP.

In vitro growth and IPTG-induction of Mtb-iGFP

In liquid culture medium, the Mth-iGFP strain grew at a rate that was indistinguishable from
either the M. tuberculosis parent or Mth-Py-iGFP, a control strain possessing the two
plasmids but lacking a promoter for the T7 RNA polymerase gene cassette. Cultures of the
three strains started at an optical density of 0.01 reached an O.D. of approximately 1.0 at 1
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week and almost 4.0 at 2 weeks (Fig. 2A). Furthermore, the Mtb-iGFP strain grew at the
same rate with and without IPTG induction (Fig. 2B).

Western blot analysis of bacterial cultures showed that GFP was detectable in Mtb-iGFP one
day after IPTG induction (Fig. 2C, upper panel). The intensity of the GFP detected by
Western immunoblotting from Mtb-iGFP after one day induction was more than 40 fold
greater than that observed without induction as measured by densitometry and quantification
using NIH image software. The expression of GFP polypeptide by Mth-iGFP after 1 day of
induction (Fig. 2C, upper panel) was almost as great as after 3 days of induction. (Fig. 2C,
lower panel). Fluorescence microscopy revealed that, after IPTG induction for 1 day, Mtb-
iGFP were intensely green fluorescent, whereas the un-induced bacteria were only dimly
fluorescent (Fig. 2D, upper panel). After IPTG induction for 3 days, green fluorescence from
individual Mtb-iGFP bacteria was even brighter while the fluorescence of un-induced
bacteria remained very low (Fig. 2D, lower panel). Newly synthesized GFP polypeptides
must mature to acquire fluorescence properties (Tsien, 1998). The further increase in
fluorescence intensity from 1 day to 3 days with IPTG induction is likely due to an increased
number of mature GFP molecules in the bacterium. Taken together, these results indicate
that the growth rate of Mtb-iGFP and parental strains are similar in broth culture and
expression of the inducible GFP does not impair growth. Moreover, the expression system
exhibits the desired properties of a low background expression in the absence of an inducer
and readily detectable target gene expression after one day induction, a time period that
represents approximately one multiplication for a slow growing mycobacterium such as M.
tuberculosis. We have tested the induction of GFP at three concentrations of IPTG (1, 2.5
and 5 mM) and found that the higher concentrations of IPTG did not result in GFP
production during a 3-day induction period (Fig. S2). In this study, we chose to use 1 mM
IPTG for induction because the intensity of green fluorescence emitted from the intracellular
bacteria induced at this concentration was sufficiently bright for microscopic analysis.

growth and IPTG induction of Mtb-iGFP

To determine whether IPTG induction of GFP expression in M. tuberculosis affects the
growth of the bacteria in macrophages, we infected adherent monolayers of THP-1 cells
with Mtb-iGFP for 2 h in the absence of IPTG, washed the macrophages to remove
extracellular bacteria, and added fresh medium with or without 1 mM IPTG. The growth of
the Mtb-iGFP in the macrophages over a 3-day period was followed by lysing the
monolayers at sequential times after infection and enumerating the number of CFU in the
monolayers by plating serial dilutions of the lysate on 7H11 agar plates. All strains exhibited
similar growth rates in THP-1 cells in the absence or presence of IPTG induction. (Fig. 3).

Metabolically active M. tuberculosis do not colocalize with the lysosomal marker Texas
Red dextran, whereas killed and metabolically inactive M. tuberculosis do colocalize with
Texas Red dextran

The maturational status of a phagosome correlates with its capacity to fuse with secondary
lysosomes (Desjardins, 1995, Desjardins et al., 1994, Pitt et al., 1992), and phagolysosomal
compartments are capable of homotypic fusion with lysosomes. M. tuberculosis phagosomes
have consistently been reported to reside within less fusiogenic compartments (Armstrong &
Hart, 1971, Clemens & Horwitz, 1995, Crowle ef al., 1991, Goren et al., 1976, Malik et al.,
2000, Malik et al., 2001, Xu et al., 1994). Nevertheless, some “live” M. tuberculosis (i.e.
freshly harvested and not deliberately killed) are typically observed within fused
compartments. To assess the degree to which resistance to fusion with exogenously labeled
lysosomes correlates with metabolic activity, we labeled lysosomes in Mtb-iGFP infected
macrophages by overnight incubation with Texas Red dextran in the presence or absence of
ImM IPTG (Fig. 4A). With the relatively low multiplicity of infection and short time course
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of infection (48 h) used in these experiments, we observed that the infected macrophages
were well spread and did not show any evidence of cytotoxicity (Fig. S4). In the absence of
IPTG, the Mtb-iGFP exhibited no green fluorescence, consistent with our observations in
broth culture (Fig.2 and Figs. S1 and S3). Our original infecting inoculum contains both
metabolically active and metabolically inactive bacteria. After 1 day of IPTG induction in
broth culture, we observe that approximately 80% of the Mtb-iGFP exhibit green
fluorescence. This percentage is in good agreement with the level of viability that we have
reported previously in our infecting inoculum, as assessed by comparing bacterial CFUs on
agar plates and particle counts obtained using a Petroff-Hausser chamber (Clemens &
Horwitz, 1995). We observed that at 2 days after infection and IPTG induction, 80 — 90% of
the Mtb-iGFP (identified by rabbit anti-LAM immunofluorescence staining) exhibited
fluorescence indicative of GFP expression. Thus, approximately 10 — 20% of bacteria that
stained by anti-LAM immunofluorescence were metabolically inactive and failed to express
GFP in response to IPTG. We observed that whereas only 14% and 5% of the metabolically
active Mtb-iGFP colocalized with Texas Red dextran in THP-1 cells and MDM,
respectively, 100% and 88% of the metabolically inactive (non-GFP expressing) Mtb-iGFP
colocalized with Texas Red dextran in THP-1 cells and MDM, respectively (Fig. 4B). Thus,
colocalization with Texas Red dextran correlates extremely well with metabolic inactivity of
the M. tuberculosis. Interestingly, a subpopulation of approximately 10% of the GFP-
positive bacteria were only weakly stained by the rabbit anti-LAM antibody, and this
subpopulation of GFP-expressing Mtb-iGFP did not colocalize with Texas Red dextran.

Metabolically active M. tuberculosis associate weakly with LysoTracker red, whereas
metabolically inactive M. tuberculosis colocalize strongly with LysoTracker red

It has been reported in multiple studies by several different groups that several different
species of mycobacteria (including M. tuberculosis, M. bovis BCG, and M. avium) resist
acidification of their phagosomes (Crowle et a/., 1991, Mwandumba et a/., 2004, Oh &
Straubinger, 1996, Sturgill-Koszycki et al., 1994, Via et al., 1998, Xu et al., 1994). We
employed the lysosomotropic fluorescent dye LysoTracker red to assess the degree to which
metabolic activity of M. tuberculosis correlates with phagosomal acidification (Fig. 5A).
Whereas killed M. tuberculosis and metabolically inactive Mtb-iGFP showed very high
levels (80 — 100%) of colocalization with LysoTracker red, metabolically active Mtb-iGFP
showed a much lower level (30%) of colocalization (Fig. 5B), indicating that metabolically
active, but not metabolically inactive, M. tuberculosis resist acidification of their
phagosomes.

Metabolically active and inactive M. tuberculosis reside in CD63 positive compartments at
two days after infection

We have previously documented heterogeneity in the degree of staining of the M.
tuberculosis phagosome for lysosomal membrane glycoproteins, including CD63, by
quantitative cryosection immunogold electron microscopy (Clemens, 1996, Clemens &
Horwitz, 1995). Thus, while some M. tuberculosis phagosomes have little or no staining for
CDG63, other M. tuberculosis phagosomes, even in the same cells, have much more intense
staining. This is not attributable to morphological disruption of some of the phagosomes
(van der Wel et al., 2007) because the heterogeneity is apparent at 48 h post-infection, a time
at which we consistently observe all M. tuberculosis residing within a phagosomal
compartment with a distinct membrane bilayer. In contrast to phagosomes containing live
M. tuberculosis, we consistently observe more intense and more uniform CD63 immunogold
staining and immunofluorescence associated with killed M. tuberculosis and latex beads. To
determine if the CD63 staining correlates with metabolic activity, we examined both the
magnitude of GFP-induced expression by Mtb-iGFP and the magnitude of CD63
immunofluorescence on individual bacteria in human THP-1 cells and MDM 48 h after
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infection (Fig. 6A). Whereas 100% of the inert particles (latex beads and killed M.
tuberculosis) and the non-GFP expressing Mth-iGFP colocalized with CD63, a significantly
lower percentage (76 + 0.8%) of the GFP-expressing Mth-iGFP colocalized with CD63 (Fig.
6B). Moreover, the majority of Mth-iGFP expressing GFP had less intense CD63 staining
than did bacteria that failed to express GFP, although we observed occasional Mth-iGFP
bacteria expressing GFP (metabolically active) in intensely positive CD63 compartments
(Fig. 6A). These results held true both for PMA-differentiated THP-1 macrophages and for
MDM. As noted above, approximately 10% of the GFP-positive Mtb-iGFP were only
weakly stained by the rabbit anti-LAM antibody. This subpopulation of LAM-negative
GFP-positive Mth-iGFP did not differ from the GFP-positive bacteria with respect to degree
of colocalization with CD63. Thus, whereas colocalization with Texas Red dextran
correlated extremely well with metabolic inactivity of the M. tuberculosis, CD63
immunofluorescence is a relatively poor indicator of the metabolic activity of the bacteria,
since the majority of both live and dead M. tuberculosis reside in CD63 positive
compartments.

Clumps of Mtb-iGFP exhibit metabolic activity despite residence in acidified
phagolysosomes

Although we seek to minimize the presence of clumps of mycobacteria from the initial
infecting inoculum, a small percentage of the bacteria are nevertheless found as clumps. We
have previously reported that clumps of M. tuberculosis traffick to phagolysosomes
(Clemens & Horwitz, 1995). As expected, we observe that clumps of metabolically inactive
Mtb-iGFP (i.e. that fail to exhibit green fluorescence after IPTG induction) uniformly
colocalize with CD63, LysoTracker red, and Texas Red dextran. In the current study, we
also examined the compartment occupied by clumps of metabolically active Mtb-iGFP. We
defined metabolically active clumps as tightly clustered groups of at least 8 M. tuberculosis,
with at least 3/4ths of the bacteria in the clump exhibiting green fluorescence 48 h after
induction with IPTG. We observed that the majority of these clumps of metabolically active
Mtb-iGFP colocalized with CD63 in both THP-1 cells and MDM (86% + 13% and 95% +
6%, respectively) and with LysoTracker red (83% + 4% and 90% = 0.3%, respectively).
Many of the clumps of metabolically active Mtb-iGFP in THP-1 cells and MDM also
colocalized with Texas Red dextran (48% + 3% and 75% + 7%, respectively). These data
indicate that the clumps of metabolically active M. fuberculosis traffic differently and show
less resistance to fusion with lysosomes and less resistance to acidification than do
individual metabolically active M. tuberculosis.

Discussion

We have previously demonstrated the practical use of two compatible plasmids for stable
and simultaneous expression of multiple extracellular M. tuberculosis proteins for
recombinant BCG vaccine development (Harth et a/., 2004). We report in this study
incorporation of the recombinant £. coli T7lac repressor/operator inducible system into the
two-plasmid based mycobacteria expression system. We have generated an M. tuberculosis
strain that responds to IPTG induction in human macrophages in such a way that it allows us
to distinguish intracellular bacteria that are metabolically active from those that are
metabolically inactive based on the intensity of bacterial green fluorescence after IPTG
induction. Upon induction, new protein synthesis must occur to turn an intracellular
bacterium from non-green fluorescent to green fluorescent. This phenotypic change requires
a functional and efficiently coordinated transcription and translation machinery in the
bacterium. Not only do transcription and translation require the active participation of
hundreds of protein and RNA molecules (Szaflarski & Nierhaus, 2007), but the process also
requires energy (ATP, GTP) and metabolites (nucleotides, amino acids, NADH). Thus, M.

Mol Microbiol. Author manuscript; available in PMC 2013 March 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 6

tuberculosis bacteria that do not engage in nutrient acquisition or energy production are
unable to respond to IPTG induction by initiating transcription and translation. An absent or
weak fluorescent signal in Mtb-iGFP can not be attributed to degradation of GFP by
proteases in metabolically active bacteria because GFP is extremely stable in mycobacteria
[(Blokpoel et al., 2003) and Fig. S3]. Thus, M. tuberculosis whose GFP expression is
negative in the presence of the IPTG signal are bacteria that lack the metabolic capacity to
respond to IPTG induction, rather than metabolically active bacteria that have subsequently
degraded their GFP.

Failure of Mth-iGFP to respond to IPTG is not attributable to failure of IPTG to access the
intracellular compartment in which the Mtb-iGFP reside. IPTG has been shown to access
multiple intracellular compartments. For example, Dargelos et al. have shown that IPTG can
access the nucleus of muscle cells (Dargelos et al., 2002), and Dancz et al. placed
lysteriolysin under the control of IPTG and demonstrated that IPTG could access Listeria
monocytogenes trapped in macrophage phagosomes (Dancz et al., 2002). The data presented
in our manuscript demonstrate that IPTG accesses Mtb-iGFP within LAMP+, Texas red
dextran negative, non-acidified compartments. In addition, as demonstrated in our analysis
of clumps of mycobacteria, IPTG accesses acidified, Texas red dextran positive
compartments. Thus, failure of Mth-iGFP to respond to IPTG is not attributable to lack of
access of IPTG to the bacteria.

We observe that the majority of both metabolically active and inactive M. tuberculosis
colocalize with the lysosomal membrane glycoprotein CD63, although the intensity and
uniformity of staining is greater for the metabolically inactive M. tuberculosis. On the other
hand, the extent of colocalization of the M. tuberculosis phagosome with exogenously added
Texas Red dextran correlates well with metabolic state, with resistance to fusion with Texas
Red dextran serving as a reliable marker of metabolically active M. tuberculosis. CD63 is
present on both late endosomes and lysosomes and it can be present on phagosomes of
varying degrees of maturation and fusiogenicity. These data demonstrate the utility of the
Mtb-iGFP in probing the correlation between M. tuberculosis metabolic activity and its
intracellular niche /n vitro. As it is practicable to administer IPTG to animals /n vivo, the
Mtb-iGFP construct that we describe may prove useful for studies investigating the
metabolic viability of M. tuberculosis in animal models as well as for /in vitro studies.

Our data show that the metabolic status of M. tuberculosis correlates with the degree of
phagosomal maturation. Maturation of a phagosome to a phagolysosome is not the result of
an all or nothing fusion event, but instead occurs along a spectrum and requires multiple
fusion events (Desjardins, 1995). The presence of lysosomal membrane glycoproteins on a
compartment is not synonymous with full phagolysosomal maturation. Although the M.
avium, M. bovis BCG, and M. tuberculosis phagosomes do acquire limited amounts of
lysosome associated membrane glycoproteins (Clemens & Horwitz, 1995, Deretic et al.,
1997, Russell et al., 1996), the compartments occupied by these bacteria differ markedly
from fully mature phagolysosomal compartments. Our data demonstrate that metabolically
active M. tuberculosisthat are capable of GFP-expression at 48 h are less fusiogenic with
lysosomes than are metabolically inactive M. tuberculosis that fail to express GFP in
response to IPTG.

We have observed that a sub-population of GFP positive Mth-iGFP stain weakly by anti-
LAM antibody and that these Mtb-iGFP reside in Texas Red dextran negative, LysoTracker
red negative compartments. This raises the concern that there might also be a population of
Mtb-iGFP that are LAM—-/GFP- and thus completely undetectable by immunofluorescence
in these experiments. However, since we observe an inverse correlation between GFP
fluorescence intensity and LAM fluorescence intensity, this would be contrary to the pattern
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that we observe. We believe that the inverse relationship between the intensity of the GFP
and LAM signals may be due to a change in LAM molecular structure that accompanies
intracellular growth of the bacteria within macrophages. While it is conceivable that some
dead bacteria may be degraded to the point that they have lost LAM immunoreactivity, in
our immunogold electron microscopy studies (Clemens, 1996, Clemens & Horwitz, 1995,
Clemens & Horwitz, 1996, Clemens et al., 2000b, Clemens et al., 2000a), we have not
observed any morphologically discernible M. tuberculosis that are not stained by the rabbit
polyclonal anti-LAM antibody used in this study. Indeed, the bacteria that are the most
severely disrupted morphologically typically have the strongest LAM immunogold staining,
in agreement with the inverse correlation that we observe between GFP and LAM
fluorescence intensity by fluorescence microscopy in this study.

It has been reported that M. tuberculosis is able to disrupt its phagosome and to translocate
into the host cell cytoplasm (McDonough et al., 1993, Myrvik et al., 1984, van der Wel et
al., 2007). We have examined our M. tuberculosis infected macrophages for this
phenomenon and have observed that more than 90% of the mycobacteria reside within
phagosomes with readily discernible membrane bilayers in the first 3 days post-infection.
However, we do observe loss of phagosomal membrane by approximately 25% of the M.
tuberculosis by 5 days post-infection. Furthermore, we have also demonstrated by
microinjection studies, that M. fuberculosis is not accessible to the cytoplasm in the first 2
days post-infection (Clemens et a/.,, 2002). Thus, the heterogeneity in phagosomal
maturation during the first 2 — 3 days post-infection is not attributable to escape of M.
tuberculosis into the cytoplasm.

The heterogeneity in the intensity of immunogold staining for endosomal and lysosomal
markers that we consistently observed in our prior studies can be explained, in part, by
differences in the metabolic status of the bacteria in the population studied. We previously
suspected that clumps of mycobacteria were dead based on the fact that they usually stained
intensely for CD63 and Texas Red dextran. However, in the present studies, we observe
clumps of Mtb-iGFP expressing intense GFP fluorescence despite residence in
compartments rich in CD63 and Texas Red dextran, indicating that clumps of M.
tuberculosis can retain metabolic viability despite residence within phagolysosomal-like
compartments. Our observation in the present study is at 48 h after infection. It is possible
that with additional time after infection, these clumps of bacteria may either become
metabolically inactive, i.e. lose their capacity to express GFP in response to IPTG, or lose
their colocalization with lysosomal markers.

Our studies have shown a correlation between M. tuberculosis metabolic activity and
phagosomal phenotype. Our experiments have not addressed the issue of causality, i.e.
whether metabolic inactivity was the cause of accelerated phagosomal maturation or
whether residence in a phagolysosome causes the M. tuberculosisto become metabolically
inactive. The observation that killed M. tuberculosis reside in acidified compartments that
fuse with Texas Red dextran labeled lysosomes suggests that metabolic activity is essential
for retarding phagosomal maturation. However, additional studies, such as following
individual bacteria over time in live imaging studies, are needed to determine whether
metabolic inactivity precedes or follows residence in a phagosolysosome.

Experimental Procedures

Bacterial strains and growth conditions

M. tuberculosis Erdman strain (35801; American Type Culture Collection, VA) was used
for introducing plasmid constructs made in this study. M. tuberculosis strains were grown on
Middlebrook 7H11 agar at 37°C, 5% CO,-95% air atmosphere. Bacterial strains were stored
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at —80°C in Middlebrook 7H9 medium with 10% OADC enrichment and 20% glycerol. For
broth culture, M. tuberculosis strains were grown in 7H9 medium containing 2% glucose
and 0.01% Tyloxapol (Sigma-Aldrich, St. Louis, MO) at 37°C, 5% CO,-95% air
atmosphere. £. coli DH54 used for molecular cloning was grown in Luria-Bertani (LB)
medium at 37°C with rotation at 250 rpm. Antibiotics were used at the following
concentrations: carbenicillin, 100 pg mI~1; kanamycin, 10 pg ml=1; hygromycin, 250 pg
miI~1 (for £. coli) and 50 pg miI=1 (for M. tuberculosis). Prior to use of bacteria for infection
of human macrophages, bacterial aggregates were dispersed by sonication of the bacteria in
a water bath sonicator (Astrason Scientific) for 8 periods of 15 sec, with cooling of the
suspension in an ice bath for 5 sec between sonications. Residual aggregates were removed
by centrifugation at 200 g for 10 min at 4°C. The pellet of aggregated bacteria was discarded
and the supernate suspension centrifuged again under the same conditions, and the process
repeated a total of three times.

Construction of an inducible expression system for mycobacteria

The inducible expression system is composed of two plasmid constructs, pRE-lacGFP and
pGB-T7 RNA polymerase. The plasmid pRE-lacGFP was constructed by placing two gene
cassettes, Py7-lacGFPuv and Pgs-lacl, into pRE1, an E. coli-mycobacteria shuttle plasmid
modified from pNBV1 (Howard et a/., 1995). The first gene cassette, Py7-lacGFPuv, was
constructed by PCR amplification of the UV-optimized gfp coding sequence from plasmid
pGFPuv and cloned into pET15b, immediate downstream of Py7lac, in between Adel and
BamHI restriction sites to generate the plasmid, pET15b-GFPuv. Primer pET15-148F and
primer pET15-561R were used next to amplify the gene cassette, Pt7-lacGFPuv, by PCR
from the plasmid pET15b-GFPuv. The 1-kb PCR product was digested with A/sel and
ligated into the pRE1 vector digested with the same enzyme to generate an intermediate
plasmid pRE-GFP. For the second gene cassette, Pgs-lacl, primer lacl-F and primer
laclmyc-R were used to amplify the coding sequence for /acM from pET15b. The 1.1-kb
PCR product was treated with Psfl and cloned into pZErO-2 in between EcoRv and Psd. A
325 bp promoter region for the glutamine synthetase (g/nAZ) gene of M. tuberculosis was
amplified from pNBV1-MtbGS with the primer pair Pgs-F1 and Pgs-R. The PCR product
(Pgs) was cloned into pZErO-lacl, between Xbal and Ndél restriction sites, preceding the
lac/ gene to generate the intermediate plasmid construct pZErO-Pgglacl. Primer Pgg-F2 and
primer Pgs-R were then used to amplify the entire Pgg-lacl cassette from pZErO-Pgglacl
and cloned into the A/sA and PsA sites on pRE-GFPuv to generate the plasmid pRE-
lacGFPuv.

The second plasmid of the inducible system, pGB-T7 RNA polymerase was constructed by
amplifying the promoter region for the 32-kDa mycolyl transferase gene of M. tuberculosis
using primer P3o-F and P3»,-R. The 0.4-kb PCR product was cloned into pGB9.2 between
Spel and EcoRv sites to generate the intermediate plasmid, pGB-P3s. Primer mycT7 pol-F
and primer T7 pol-R were used to amplify T7 RNA polymerase from pAR1173. The 2.7-kb
PCR product was digested with £coRv and Asel and ligated with pGB-P32 digested with
EcoRv and Ndel to generate pGB-T7 RNA polymerase (pGB-T7 RNAP).

Generation of the inducible GFP strain of M. tuberculosis

Plasmid constructs pRE-lacGFP and pGB-T7 RNA polymerase were introduced into M.
tuberculosis by two separate electroporations. In brief, M. tuberculosis was electroporated
with plasmid pRE-lacGFP and selected on 7H11 plates with hygromycin. Once the pRE-
lacGFP harboring M. tuberculosis strain was established, it was electroporated with the
second plasmid pGB-T7 RNA polymerase and selected on 7H11 plates with hygromycin
and kanamycin to generate the M. tuberculosis-iGFP strain.
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For electroporation, M. tuberculosisin 10% glycerol (100 pl) was mixed with plasmid DNA
(1 pg) and pulsed electrically in a 0.1-cm cuvette (Bio-Rad, Hercules, CA) at 1.25 kV, 25
UF, 1000 Q. The bacteria were transferred to a tube with 0.9 ml 7H9 medium containing
10% OADC enrichment and incubated at 37°C, 5% CO»-95% air atmosphere overnight
before being plated on selective media.

Preparation of formalin-killed GFP-M. tuberculosis

GFP-expressing M. tuberculosis prepared as previously described (Clemens et al., 2002)
were plated on 7H11 agar plates containing hygromycin, incubated at 37°C, 5% CO,-95%
air, for 10 — 14 days, scraped into Dulbecco’s phosphate buffered saline (PBS, Irvine
Scientific Co.), and aggregates removed by water bath sonication and low speed
centrifugation as described above. Paraformaldehyde was added to the bacterial suspension
to a final concentration of 4% paraformaldehyde. After 30 min at room temperature, the
formalin-killed bacteria were washed three times in PBS by centrifugation at 10,000 g for 10
min. Because washing by centrifugation induces aggregation, bacterial aggregates were
removed by centrifugation at 200 g for 10 min immediately prior to use of the formalin-
killed bacteria in an infection experiment.

Evaluation of growth rates of recombinant M. tuberculosis in 7H9 medium

We inoculated strains of M. tuberculosis into 7TH9 medium containing 2% glucose and
0.01% Tyloxapol at an optical density (540 nm) of 0.01. We maintained the cultures at
37°C, 5% C0,-95% air atmosphere and measured the optical density at 540 nm of 1 ml
aliquots of the culture every other day for a period of two weeks using a spectrophotometer
(Ultraspec 111, Amersham Pharmacia, Piscataway, NJ). To evaluate the impact of IPTG on
the growth rate of parental and recombinant strains of M. tuberculosis, we initiated the
bacterial cultures as described above, and when the optical density reached a value of
approximately 0.4, we subdivided the cultures into equal aliquots, continued the incubation
with or without 1 mM IPTG, and measured the optical density of the cultures daily for the
next 3 days.

Analysis of GFP expression in M. tuberculosis cultures with or without IPTG induction

M. tuberculosis cultures in 7H9 medium containing 2% glucose and 0.01% Tyloxapol with
or without IPTG were pelleted by centrifugation at 3,500 g, 4°C for 30 min, resuspended in
1 ml of PBS with protease inhibitors (1:1000 dilution, Novagen, La Jolla, CA) and sonicated
on ice with a probe tip sonicator (model W-375; Heat Systems Ultrasonics, Plainview, N.Y.)
at 50% duty cycle for a duration of 1 min three times with a 3 min rest on ice between
sonications to lyse the bacteria. Sonication was done inside a sealed container within a
biosafety cabinet. Sonicated samples were centrifuged at 10,000 g for 10 min in an aerosol-
tight microcentrifuge within a biohazard hood and the resulting supernate was passed
through an Acrodisc syringe filter with 0.8/0.2 pm Supor membrane (Pall Corporation, Ann
Arbor, MI). Protein concentration of the filtered samples were determined by bicinchonic
acid method (Pierce, Rockford, IL) according to the manufacturer’s instructions.

The bacterial protein samples were separated by SDS-polyacrylamide gel electrophoresis
and electrophoretically transferred onto a nitrocellulose membrane. For detection of green
fluorescent protein (GFP), the membrane blot was incubated with a rabbit anti-GFP antibody
(Assay Design, Ann Arbor, M) at a dilution of 1:10,000 followed by a peroxidase
conjugated goat anti-rabbit antibody (Sigma). The membrane was developed with
SuperSignal West Pico chemiluminescent substrate (Pierce) and the signal from
immunoreactive protein bands detected by exposing the membrane to X-ray film.
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For detection of bacterial green fluorescence, M. tuberculosis bacteria grown in culture
medium with or without IPTG induction for 1 to 3 days were harvested by centrifugation in
an aerosol-tight microcentrifuge as described above. Bacterial pellets were resuspended in
3.7% formaldehyde and epifluorescence examined with an Eclipse TE2000-S microscope
equipped with an X-Cite 120 light source (Nikon) and images acquired with a SPOT RT-KE
monochrome camera and SPOT software (Diagnostic Instruments, Sterling Heights, Ml).

The human monocytic cell line, THP-1 (ATCC, TIB 202), was grown in RPMI-1640
(Mediatech, Herndon, VA) supplemented with 2 mM glutamine, 10% heat-inactivated fetal
bovine serum (HI-FBS), and penicillin-streptomycin (1000 1U mI~1 and 100 pg mi~1,
respectively). Prior to use in an infection experiment, the THP-1 cells were added to glass
coverslips in 2 cm? tissue culture wells (2 x 10° cells/cm?) and differentiated with phorbol
12-myristate 13-acetate (PMA, 100 nM) in RPMI-1640 with 10% heat-inactivated fetal
bovine serum for 3 days at 37°C in air containing 5% CO5.

Human peripheral blood mononuclear cells

Intracellular

Heparinized blood from normal blood donors was diluted 1:1 with 0.9% saline, and the
mononuclear cell fraction obtained by centrifugation at 800 g for 30 min at 24°C over a
Ficoll-sodium diatrizoate solution (Ficoll-Paque, Pharmacia Fine Chemicals, Inc.). The layer
containing the mononuclear cell fraction was removed, diluted 1:1 with RPMI-1640, and the
mononuclear cells collected by centrifugation at 400 g for 10 min at 4°C. The mononuclear
cells were washed twice by centrifugation at 115 g for 10 min at 4°C, resuspended in
RPMI-1640, counted in a hemocytometer (Clay Adams Div., Becton Dickinson and Co.),
and added to glass coverslips in 2 cm? tissue culture wells (1.5 x 108 cells/coverslip in 0.5
ml of culture medium) in RPMI-1640 containing 15% autologous serum. Cells were allowed
to adhere to the coverslips for 90 min at 37°C, 5% CO,, washed twice with RPMI-1640, and
incubated for 2 days in fresh culture medium with 15% autologous serum prior to use in an
infection experiment. The participation of normal human blood donors in our research was
approved by the UCLA Institutional Review Board.

growth of recombinant M. tuberculosis in THP-1 cells

PMA differentiated THP-1 cells were infected with M. tuberculosis-iGFP strains at the ratio
of 24 bacteria per macrophage in RPMI containing 20% human serum type AB for 2 h at
37°C, 5% CO». Extracellular bacteria were removed by washing extensively and fresh
medium with or without IPTG (1 mM) was added to the monolayer. Under these conditions,
10 — 20% of the infecting inocula were internalized, yielding an average of 2—4 bacteria per
macrophage. Infected monolayers were incubated for 2 h to 3 days, lysed with 0.1% SDS,
serially diluted in 7H9 medium with 10% OADC enrichment and 0.05% Tween 80, plated
on 7H11 agar, and numbers of colony forming units (CFU) enumerated after a 2-week
incubation.

Evaluation of GFP-expression and maturational state of M. tuberculosis phagosomes in
macrophages by fluorescence microscopy

Monolayers of differentiated THP-1 cells or human monocytes on coverslips were co-
incubated for 90 min with M. tuberculosis-iGFP or with formalin-killed GFP-M.
tuberculosis and fluorescent blue latex beads (1 p diameter, Polysciences, at a 4000-fold
dilution of a stock suspension of 10% solids) in RPMI-1640 containing 10% fresh AB-
serum (THP-1 cells) or autologous serum (monocytes) as described above. Monolayers were
washed with culture medium, incubated in fresh medium with or without 1 mM IPTG at
37°C for 48 hours, fixed in 4% paraformaldehyde in 0.075 M sodium phosphate buffer, pH
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7.4, for 30 min at room temperature, permeablized in 0.1% saponin in PBS containing 10
mM glycine, and incubated with 5% goat serum in PBS with 1% BSA to block non-specific
staining. Coverslips were stained with mouse antibody to human CD63 (5 ug ml= 1gG,
Becton Dickinson) diluted in the same buffer overnight at 4°C. Coverslips were washed with
PBS and incubated with Texas red-conjugated goat anti-mouse 1gG, diluted 1:50 in 5% goat
serum, 1% BSA in PBS) for 90 min at room temperature. The coverslips were washed in
PBS, incubated with in rabbit antibody to lipoarabinomannan (1:1000 dilution), washed in
PBS, and stained with amino methyl coumarin (AMC)-conjugated goat-anti-rabbit 1gG
(Sigma Chemical Company, 1:50 dilution), post-fixed in 2% paraformaldehyde in PBS,
incubated with 2.5 pM DAPI in PBS for 15 min at room temperature to label host nuclei,
washed in PBS, blotted, mounted with Prolong Antifade mounting medium and viewed by
epifluorescence microscopy as described above or by confocal scanning microscopy with a
Leica TCS-SP confocal and 2-photon microscope and Leica confocal software. Texas red,
Oregon green, and DAPI fluorochromes were excited with confocal krypton and argon
lasers and 2-photon scanning with a short-pulsed titanium:sapphire laser, respectively.

Labelling of lysosomal compartments with Texas Red dextran

Lysosomal compartments were labeled by incubating the infected monolayers overnight in
culture medium containing 50 pg ml~1 lysine-fixable Texas red-conjugated dextran, 70,000
kDa (Molecular Probes, Eugene, OR) prior to fixation, permeabilization, and staining with
rabbit anti-LAM and AMC-conjugated goat anti-rabbit as described above.

Labelling of acidified compartments with LysoTracker red DND-99

Acidifed compartments were identified by incubating infected monolayers with 50 nM
LysoTracker red DND-99 (Lepperdinger et al., 1998, Wubbolts ef a/., 1996) in RPMI
containing 10% serum for 2 h at 37°C prior to fixation, permeabilization, and
immunostaining for LAM as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A Two-plasmid based inducible GFP expression system for mycobacteria

The gene cassettes for the UV optimized gfp and the /ac/ repressor are located on the first
plasmid construct pRE-lacGFPuv. The T7 RNA polymerase gene cassette is located on the
second plasmid construct pGB-T7 RNAP. Upon IPTG induction, mycobacteria carrying
both plasmids express green fluorescent protein and become green fluorescent. Pgg,
promoter for M. tuberculosis ginA1 gene. P3p, promoter for the M. tuberculosis 32-kDa
mycolyl transferase gene. hyg', hygromycin resistant gene. kan", kanamycin resistant gene.
Some of the useful restriction sites on the plasmids are shown.
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Fig. 2. Growth and GFP expression of M. tuberculosis strainsin broth

A. Growth rates of M. tuberculosis strains in the absence of IPTG by monitoring optical
density of the cultures over a 2-week period.

B. Growth rates of M. tuberculosis parental, Mtb-Py-iGFP and Mtb-P3,-iGFP (Mtb-iGFP)
strains in the presence or absence of 1 mM IPTG.

Data represent the means and standard deviations for two independent experiments. Growth
curves of each strain in the presence or absence of IPTG were superimposable.

C. Assessment of GFP expression by immunoblot analysis of equal amounts of protein (20
ug) from bacterial lysates obtained from M. tuberculosis cultures incubated with or without
IPTG (1 mM) for 1 day (upper) or for 3 days (lower).

D. Fluorescence microscopy examination of M. tuberculosis cultures with or without IPTG
induction for 1 day (with a 1.5 second constant exposure time) (upper) or for 3 days (with a
1.0 second constant exposure time) (lower). Size bar, 10 microns.
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Fig. 3. Growth of M. tuberculosis strainsin THP-1 cells

3

Growth rates of M. tuberculosis parental, Mtb-Py-iGFP and Mtb-P3,-iGFP (Mtb-iGFP)

strains in the presence or absence of 1 mM IPTG.

Data represent the means and standard deviations of two independent experiments.
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Fig. 4. Metabolically inactive Mtb-iGFP fuse with Texas Red dextran prelabelled lysosomes,
wher eas metabolically active Mtb-iGFP do not
A. Epifluorescence microscopy was used to assess the extent of colocalization of Mtb-iGFP
or formalin-killed M. tb.-GFP with Texas Red (TxR)-dextran in THP-1 cells (a — d) and
MDM (e — h). Metabolically active Mtb-iGFP were distinguished from metabolically
inactive Mth-iGFP by their green fluorescence protein expression (a, €) and Mtb-iGFP,
independent of metabolic status, were visualized by staining with amino methyl coumarin
(AMC)-labeled anti-LAM antibody (b, f). Metabolically inactive Mtb-iGFP, but not
metabolically active Mtb-iGFP, colocalized uniformly with TxR-dextran (c, g), Merged
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color images are shown on the right (d, h). Arrowheads indicate the metabolically active
Mtb-iGFP and arrows indicate metabolically inactive Mtb-iGFP. Size bars are 5 microns.

B. Quantitative assessment of Texas Red dextran colocalization with metabolically active
(GFP-positive) and inactive (GFP-negative) Mth-iGFP, formalin-killed M. tb.-GFP and
latex beads at 48 h post-infection and post-IPTG induction in THP-1 cells (top) and MDM
(bottom). The experiment was performed twice with similar results. VValues shown are
means and standard deviations of duplicate determinations of at least 40 bacteria or beads.

C and D. Percentage of GFP+ and GFP- Mth-iGFP found in Texas Red dextran positive and
negative compartments in THP-1 cells (C) and MDM (D). The sum of all 4 compartments is
100%
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Fig. 5. Metabolically inactive Mtb-iGFP colocalize with LysoTracker red (DND-99), wher eas

metabolically active Mtb-iGFP do not

A. Epifluorescence microscopy was used to assess colocalization of Mtb-iGFP with
LysoTracker red (DND-99) in THP-1 cells (a — d) and human monocyte-derived
macrophages (e — h). As described above, GFP expression (green) is used to identify
metabolically active bacteria (a, €); LAM immunofluorescence (blue) is used to identify the
M. tuberculosis (b, f); and LysoTracker red (c, g) is used to identify acidified compartments
(c, 9). Merged color images are shown in panels (d) and (h). Whereas metabolically active
bacteria (arrowheads) do not colocalize with LysoTracker red, the metabolically inactive
bacteria (arrows) do colocalize with LysoTracker red. Size bars are 5 microns.
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B. Quantitative assessment of LysoTracker red colocalization with metabolically active
(GFP-positive) and inactive (GFP-negative) Mtb-iGFP, formalin-killed M. tb.-GFP and
latex beads at 48 h post-infection and post-IPTG induction in THP-1 cells (top) and MDM
(bottom) . Beads, killed M. tb.-GFP, and metabolically inactive Mtb-iGFP colocalize with
LysoTracker red more frequently than metabolically active Mtb-iGFP (strong GFP
expression). The experiment was performed twice with similar results. Values shown are
means and standard deviations of duplicate determinations for at least 40 bacteria or beads.
C and D. Percentage of GFP+ and GFP— Mth-iGFP found in LysoTracker red positive and
negative compartments in THP-1 cells (C) and MDM (D). The sum of all 4 compartments is
100%.
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Fig. 6. Colocalization of metabolically active and metabolically inactive Mtb-iGFP with the
lysosomal membrane glycoprotein, CD63

A. Epifluorescence microscopy was used to assess colocalization of Mtb-iGFP with CD63 in
THP-1 cells (a — d) and human monocyte-derived macrophages (e — h) infected with Mtb-
iGFP. Metabolic activity of Mth-iGFP was assessed by green fluorescence protein
expression (a, e). Mtb-iGFP, independent of metabolic status, were visualized by staining
with AMC-labeled anti-lipoarabinomannan (LAM) antibody (b, f) and CD63 was visualized
by staining with Texas red labeled anti-CD63 antibody (c, g). The merged color images are
shown on the right (d, h). Metabolically inactive Mtb-iGFP (failed to express GFP after
IPTG induction) consistently colocalized with CD63 labeled with Texas red, both in THP-1
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cells (a—d) and MDM (e-h). The majority of metabolically active Mtbh-iGFP (intense green
fluorescence after IPTG induction) also colocalized with CD63. White arrowheads indicate
the metabolically active bacteria. Arrows indicate the metabolically inactive bacteria. Note
that the lower arrowhead in panel (a) is associated with a metabolically active bacterium
with negligible CD63 immunofluorescence (lower arrowhead in panel (c)). Even some
bacteria with relatively intense CD63 fluorescence rimming the phagosome (upper
arrowhead, in (c) and arrowhead in (g) are associated with metabolically active (GFP-
positive) bacteria (corresponding arrowheads in (a) and (e)). Size bars are 5 microns.

B. Quantitative assessment of CD63 colocalization with metabolically active (GFP-positive)
and inactive (GFP-negative) Mtb-iGFP, formalin-killed M. £6.-GFP and latex beads at 48 h
post-infection and post-IPTG induction in THP-1 cells (top) and MDM (bottom). The
experiment was performed twice with similar results. Values shown are means and standard
deviations for duplicate determinations for at least 40 bacteria or beads.

C and D. Percentage of GFP+ and GFP- Mth-iGFP found in CD63 positive and negative
compartments in THP-1 cells (C) and MDM (D). The sum of all 4 compartments is 100%.
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Strain, plasmid, Description Sour ce or
or primers reference
M. tuberculosis
Erdman Parental strain ATCC
Mtb-Po-iGFP Erdman strain carrying pRE-lacGFPuv and pGB-P,-T7 RNAP This work
Mtb-P3,-iGFP Erdman strain carrying pRE-lacGFPuv and pGB-P3,-T7 RNAP This work
E. coli
DH5a Plasmid construction and cloning BRL
Plasmids?
pET15b Amp', source of /acF repressor and T7lac promoter Novagen
pGFPuv Amp', source of gfp Clontech
pAR1173 Amp', Tet", source of T7 RNA polymerase ATCC

pNBV1-MthGS
pZErO-2

pRE1

pGB9.2
PET15-GFPuv
pPRE-lacGFPuv
pGB-Py-T7 RNAP
pGB-P4,-T7 RNAP

Primers?
pET15-148F
pET15-561R
GFP-F
GFP-R
lacl-F
laclmyc-R
Pgs-F1
PesF2
Pss-R
mycT7 pol-F
T7 pol-R
Pa-F

P32'R

Hyg", source of g/nA1 promoter

Kan', cloning vector for PCR products

Hyg', a derivate of the £. co/-mycobacteria shuttle plasmid pNBV1
Kan', a low-copy-number E£. coli-mycobacteria shuttle plasmid
Amp', UV-optimized gfpin pET15b

Hyg", /ac/and gfp gene cassettes in pRE1

Kan', a promoterless T7 RNA polymerase gene cassette in pGB9.2

Kan', pGB9.2 with T7 RNA polymerase cassette

5’-AGCTTTGGCTAGCAGGCTTGGTTATGCCGGTACTG-3’
5’-GACTAGTGCTAGCGCCAGCAACCGCACCTGTGGC-3’

5’-GGAATTCTCATGAAGTAAAGGAGAAGAACTTTTCACTGGA-3’

5’-CGGGATCCTCATTTGTAGAGCTCATCCATGCCATGTG-3’

5’-GGAATTCCATATGAAGCCGGTCACGTTGTACGATGTCGCA-3’

(Tullius et al., 2003)

Invitrogen

Tullius and Horwitz unpublished work
(Harth et al., 2004)

This work

This work

This work

This work

5’-GATCCTGCAGTCACATGGCGCTGTTCAGGTCCTCTTCGGAG ATGAGCTTCTGCCCGCTTTCCAGTCGGGAAAC-3’

5’-GGATCTAGAGCGATCAGCCAGTCGATCAGCAGAGCC-3’
5’-GGAATGCATGCGATCAGCCAGTCGATCAGCAGAGCC-3’
5’-GGAATTCCATATGAATGCTCCTTTACTGTTCCGCGG-3’

5’-ACCGATATCCATGGCCTCGATGCAGAAGCTGATCTCGGAGG AGGACCTGAACACGATTAACATCGCTAAGAACGAATTC-3’
5’-TCCGATTAATGGATCCTTACGCGAACGCGAAGTCCGACTCT AAG-3’

5’-GACTAGTGATCACCCTGCACCGATTCCTCTC-3’

5’-ACCGATATCTTCCCTCATCCTCATCTTCAACGCATCCATGC-3’

a . . i ) ) . .
Amp', Hyg", Kan', and Tet" indicate resistance to ampicillin, hygromycin, kanamycin and tetracycline, respectively.

Underlined nucleotides indicate restriction enzyme recognition sequence on the primer that was used in cloning.
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