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A product of RpfB and RipA joint enzymatic action
promotes the resuscitation of dormant mycobacteria
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Resuscitation-promoting factor proteins (Rpfs) are known to participate in
reactivating the dormant forms of actinobacteria. Structural analysis of the
Rpf catalytic domain demonstrates its similarity to lysozyme and to lytic
transglycosylases — the groups of enzymes that cleave the B-1,4-glycosidic
bond between N-acetylmuramic acid (MurNAc) and GlcNAc, and concom-
itantly form a 1,6-anhydro ring at the MurNAc residue. Analysis of the
products formed from mycobacterial peptidoglycan hydrolysis reactions
containing a mixture of RpfB and resuscitation-promoting factor interact-
ing protein (RipA) allowed us to identify the suggested product of their
action — N-acetylglucosaminyl-B(1—4)-N-glycolyl-1,6-anhydromuramyl-L-
alanyl-p-isoglutamate. To identify the role of this resulting product in
resuscitation, we used a synthetic 1,6-anhydrodisaccharide-dipeptide, and
tested its ability to stimulate resuscitation by using the dormant Mycobac-
terium smegmatis model. It was found that the disaccharide-dipeptide was
the minimal structure capable of resuscitating the dormant mycobacterial
cells over the concentration range of 9-100 ng-mL~'. The current study
therefore provides the first insights into the molecular mechanism of resus-
citation from dormancy involving a product of RpfB/RipA-mediated pepti-
doglycan cleavage.

Introduction

Tuberculosis (TB) is one of the most life-threatening
infectious diseases in the world. Mycobacterium tubercu-
losis kills ~ 2 million people each year, and is thought to
latently infect one-third of the world’s population. One
of the most remarkable features of M. tuberculosis is its
ability to survive for decades in humans, as well as in
hypoxic and nutrient-depleted media, although the bac-
teria do not form spores. A possible response to such
stress among nonsporulating bacteria is the develop-
ment of dormant forms, which are often characterized
by the ‘nonculturability’ (NC) state, even though cells

Abbreviations

remain viable for a long period of time. NC is an opera-
tional term describing the temporal inability to recover
colony-forming units by plating them on standard nutri-
ent agar [1]. For reasons that are not fully understood,
latent TB infection can transition into the active state at
any time. Immunocompetent individuals who are
latently infected with M. tuberculosis are estimated to
have a higher risk of developing active disease, which
can occur several years after the primary infection [2-4].

Bacterial proteins of the resuscitation-promoting fac-
tor protein (Rpf) family are known to participate in

anhydroGMDP, N-acetylglucosaminyl-B(1 —4)-N-acetyl-1,6-anhydromuramoyl-L-alanyl-p-isoglutamate; CFU, colony-forming unit; Dap, meso-
diaminopimelic acid; MS, mass spectrometry; MurNAc, N-acetylmuramic acid; NC, nonculturability; PG, peptidoglycan; RipA, resuscitation-
promoting factor interacting protein; Rpf, resuscitation-promoting factor protein; TB, tuberculosis.
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resuscitating the dormant mycobacteria in vitro. M.
tuberculosis encodes five paralogues of Rpf [2]. Recom-
binant mycobacterial Rpf can facilitate the growth of
freeze-dried Mycobacterium bovis BCG [5], and increase
the recovery of M. tuberculosis from the sputum of the
patients with active TB [6]. The importance of the Rpfs
for M. tuberculosis resuscitation was shown in vitro
with multiple rpf null mutants of M. tuberculosis [7].
The role of Rpfs in TB infection establishment was
demonstrated by comparing the wild-type strain with
the knockout strains in the mouse model of TB infec-
tion; rpfB gene deletion resulted in the delayed reactiva-
tion of chronic TB infection following immune
suppression in mice [§].
mutants [2] showed an inability to resume bacterial
growth upon immune suppression in the chronic TB
mouse model, which clearly indicates the involvement
of Rpfs in resuscitating the dormant bacteria in vivo [9].

The conserved domain structure of Rpfs includes a
c-type lysozyme-like fold, and the protein was pre-
dicted to cleave a glycosidic bond between N-acety-
Imuramic acid (MurNAc) and GIcNAc in the
peptidoglycan (PG) from the mycobacterial cell wall
[10,11]. The muralytic activity of Rpfs was proven
experimentally by their ability to cleave cell wall-like
substrates [12-14].

RpfB does not act alone, but in a complex with
another extracellular protein, resuscitation-promoting

Triple and quadruple rpf

Resuscitation of dormant mycobacteria

factor interacting protein (RipA) [15-18]. RipA is a
472-residue protein encoded by the M. tuberculosis
rv1477 gene, and has been identified as a binding part-
ner of RpfB and RpfE. Depletion of the RipA ortho-
logue in Mycobacterium smegmatis caused defective
septum formation [16]. Both proteins were shown to
be colocalized at the septum of the dividing cells [16].
RpfB cleaves the glycoside bonds of the cell wall PG
[10], whereas RipA is predicted to be an endopeptidase
that cleaves the stem peptide [D-iGlu-meso-diamino-
pimelic acid (Dap)] [17,18] (Fig. 1). Interaction
between these cell wall hydrolases results in synergistic
hydrolysis of mycobacterial PG [17]. However, the
mechanisms underlying their cooperativity remain
unclear, as their cooperativity may be associated either
with the allosteric activation of one of these proteins,
or with their enhanced ability to release free muropep-
tides by acting on both the glycan and peptide moie-
ties. In addition, the question of how PG hydrolysis is
related to the reactivation of the dormant cells remains
to be elucidated.

The PG of the dormant bacteria shows unique
chemical features in both its polysaccharide chains and
peptide crosslinks. For instance, MurNAc is often
replaced by N-glycolylmuramic acid (substitution of
the N-acetyl moiety with the N-glycolyl residue),
resulting in an increase in the number of hydrogen
bonds in the PG layers [19]. Similarly, the peptide
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Fig. 1. Mycobacterial PG structure and proposed cleavage sites of Rpfs and RipA. (A) RpfB is predicted to cleave the polysaccharide moiety
(yellow arrows), and RipA cleaves the peptide stems (green arrows). (B) Chemical structures of each muropeptide monomer and the

presumed product of the hydrolysis reaction.
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moieties of PG are heavily crosslinked in the dormant
state; for example, up to 80% of peptide chains are
crosslinked in mycobacteria [20], whereas the amount
of crosslinking in Escherichia coli is only ~ 30-50%
[21], although both species contain a rather similar
amino acid composition (L-Ala, p-Glu, Dap, and
D-Ala) in their peptide ‘tails’. Remarkably, for most
bacteria, the formation of Dap-p-Ala crosslinks is
rather typical, whereas, in M. tuberculosis, Dap-Dap
forms covalent linkages (3,3-crosslinks), particularly in
the nutrient depletion-induced or antibiotic-induced
dormant state [20,22]. These Dap-Dap bonds are vital
for the long-term survival of the pathogen within the
host macrophages [23]. This peculiar amino acid
arrangement has evolved to confer resistance towards
the conventional proteases [20,24]. The recruitment of
hydrolytic enzymes during cell division at the septal
region and PG remodelling are essential for division
into the daughter cells [25,26].

In most Gram-positive bacteria, the septum is formed
and then cleaved along a middle line. Together with
amidases, the function of the lytic transglycosylases is
to split the septum, thereby permitting the separation of
the dividing cells [27]. In addition, enzymatic modifica-
tion of the PG structure through the partial hydrolysis
of its crosslinks could be necessary, either for facilitat-
ing the diffusion of low molecular weight compounds
into the cells, or for an impulse transition for metabolic
reactivation. On the other hand, it is also probable that
both proteins, acting cooperatively, release low molecu-
lar weight secondary messengers (muropeptides) that
act as signalling molecules [6,28,29].

In this study, we elucidated the chemical processing
events that were associated with PG hydrolysis and
subsequent resuscitation. We observed that these
events revealed the action of RpfB as a lytic transgly-
cosylase and not as a lysozyme-a, like N-acetyl-B-p-
muramidase, a finding that was previously unclear,
despite the large number of detailed studies on this
enzyme [10,30]. Moreover, the combined actions of
RpfB and RipA produce the proper molecular entity
for the resuscitation and growth stimulation of noncul-
turable mycobacteria in vitro. Our data elucidate the
molecular determinants of M. tuberculosis resuscitation
from the dormant state.

Results

The RpfB and RipA catalytic domains
synergistically hydrolyse PG

We performed PG degradation experiments with the
catalytic domains of RpfB. (residues 280-362) and
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RipA. (residues 332-472), with the aim of elucidating
the mechanism of the previously observed synergistic
PG hydrolysis by these two enzymes. This allowed us
to eliminate the contribution of the noncatalytic
domains to PG degradation synergy. Additionally,
RipA structural studies have demonstrated that the
noncatalytic domains are responsible for the enzyme’s
self-inhibition as such, through a regulatory mecha-
nism that requires proteolytic activation [15]. This
hypothesis was subsequently confirmed in vivo [31].

Cell wall degradation experiments were performed
on purified PG from M. smegmatis that was labelled
with FITC (see Experimental procedures). Both recom-
binant proteins, RpfB. and RipA., alone and in com-
bination, were incubated with the labelled
mycobacterial PG. The hydrolysing activity of the pro-
teins was evaluated by estimating the amount of
FITC-labelled products released in the supernatant.
Fluorescence measurements of supernatant samples at
different time points demonstrated a slow increase in
the release of the labelled products up to 100 h of
incubation (results not shown). The amount of the
released products was dependent on the concentration
of the proteins added to the reaction mixture (Fig. 2).
The results clearly showed that the mixture of RpfB.
and RipA. gave the highest PG hydrolysis efficiency.
It was evident that, at any concentration point (on the
abscissa axis), the summation of the particular hydro-
lysis-dependent fluorescence value (the value of fluores-
cence units on the ordinate axis) of either protein
(either RpfB. or RipA,) was less than the same effect
produced by the mixture of both proteins
(RpfB. + RipA,) at the same concentration (Fig. 2).
This result corroborates the fact that PG degradation
synergy does not require the noncatalytic domains of
the enzymes.

In contrast to the results published by Hett et al.
[17], we were able to detect hydrolytic activity of
M. tuberculosis RpfB towards M. smegmatis PG.
However, the level of this hydrolytic activity was fairly
low, especially as compared with the enzymatic activity
of RipA and the mixture of the two enzymes (Fig. 2).
We have noticed that expression of the recombinant
RpfB in relatively low concentrations from the produc-
ing strain (E. coli with a maximal induction time of
~2h) is crucial for achieving maximal enzymatic
activity, and, therefore, for effective PG hydrolysis in
the hydrolysis assay and in resuscitation experiments.
This methodological approach implies that recombi-
nant RpfB should be obtained at initial concentrations
of <200 pg-mL~"'. Expression of the protein at higher
concentrations leads to aggregation and consequent
loss of activity (Fig. 3).
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Fig. 2. Enzymatic hydrolysis of mycobacterial PG. FITC-labelled PG
from Mycobacterium smegmatis was dissolved in reaction buffer
(see Experimental procedures). Recombinant RpfB. and RipA. were
added to the samples at varying concentrations, and were
incubated for 96 h at 37 °C. The mixture contained equal amounts
of each protein (e.g. 20 pg-mL™" each protein). The level of
hydrolysis was assessed by measuring the unbound fluorescent
dye in the supernatant after centrifugation (13 000 g 10 min). For
comparison, the hydrolysis curve in the presence of mutanolysin is
shown. Each point on the graph represents the fluorescence value
corrected for control fluorescence. The error bars represent the
standard error of the mean from three repetitions with similar
results. A typical result from one independent experiment is shown.

Identification of low molecular weight products
of PG synergistic digestion

To identify the product of PG synergistic digestion, we
utilized MALDI-TOF mass spectrometry (MS). MS
analysis of filtered PG hydrolysates (3-kDa cut-off
filter) from different, parallel experiments revealed the
presence of an m/z 716.6 peak (Fig. 4). To identify the
chemical nature of this product, we obtained fragmen-
tation spectra (MS/MS). Fragmentation pattern analy-
sis allowed us to identify the product of PG hydrolysis
in the presence of both proteins, which appeared to be
N-acetylglucosaminyl-B(1—4)-N-acetyl-1,6-anhydrom-
uramoyl-L-alanyl-p-isoglutamate (anhydroGMDP)
(Fig. 4B). The fragmentation pattern of the identified
product matched (Fig. 4B, top) the fragmentation pat-
tern of the synthesized product (Fig. 4B, bottom). In
both cases, the fragments with the following m/z ratios
were detected: GIcNAc —244; dipeptide —312; disac-
charide fragments —411 and 425; and monosaccharide-
dipeptide —513.3 and 497.3. The observed mass differ-
ences in the initial compounds could be explained by
the fact that natural PG from mycobacteria consists of
a large number of glycolyl-modified fragments of
muramic acid.
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Fig. 3. Expression of the RpfB protein at high concentrations leads
to its aggregation and consequent loss of its activity. (A)
Concentrated RpfB samples contain large amounts of aggregates.
The bars represent different batches (12) of different
concentrations of recombinant RpfB. The proteins were filtered
through 0.2-um filters, and protein concentrations before and after
filtration were compared. It is clear that the more concentrated
samples contained significant amounts of large aggregates. The
numbers above the bars indicate protein loss (% of the initial
concentration). (B) Concentrated RpfB is less active. Experiments
were conducted on an artificial Rpf substrate, MUF-3-NAG [12, 13],
and were similar to those depicted in Fig. 2. Equal aliquots of the
proteins (15 pg-mL™") were added to the MUF-3-NAG degradation
assay. The initial protein concentration is shown on the x-axis.

The same analysis of supernatants obtained from
PG that was not exposed to the enzymes indicated no
detectable PG hydrolysis products. This confirmed the
hypothesis that the release of muropeptides in
the supernatant results from the enzymatic action of
the two proteins.
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Fig. 4. (A) MS spectra (MALDI) of the supernatant filtered through a 3-kDa filter, obtained after mycobacterial PG

(Mycobacterium smegmatis) hydrolysis in the presence of RpfB. + RipA. (both 10 pg-mL™"). (B) Fragmentation spectra of the MS peaks, m/z
716.6 and m/z 700.7. Top: fragmentation of the peak (m/z 716.6) resulting from PG digestion by both RpfB. and RipA. [N-acetylglucosaminyl-B
(1—-4)-N-glycolyl-1,6-anhydromuramyl-L-alanyl-p-isoglutamate]. Bottom: fragmentation of the peak for the synthetic analogue anhydroGMDP
(m/z 700.7). The fragmentation pattern of the identified product matches the fragmentation pattern of the synthesized product. In both cases,
fragments with the following m/z ratios could be detected: GIcNAc —244; dipeptide —312; disaccharide fragments —411 and 425; and
monosaccharide-dipeptide —513.3 and 497.3. The observed mass differences in the initial compounds may be explained by the fact that the
natural PG from mycobacteria consists of a large number of glycolyl-modified fragments of muramic acid.

Resuscitation activity of RpfB. and RipA . . oL
usertati ity PBe 'PAe experiments, the effectiveness of resuscitation was

We tested the resuscitation activity of both RpfB. and
RipA., and evaluated their combined effect on bacte-
rial resuscitation. It is worth noting that the effect of
RpfB on bacterial resuscitation has previously been
studied [32]; however, no evidence has yet been
reported on the ability of RipA to resuscitate bacteria.
For these experiments we used nonculturable dormant
M. smegmatis cells that were obtained after prolonged
cultivation in K™-deficient medium [32]. In these
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judged by the appearance of platable cells [estimated
by colony-forming unit (CFU) counting] during the
incubation of nonculturable cells in fresh liquid med-
ium. Incubation of M. smegmatis nonculturable cells
in the liquid medium without any additions resulted in
the appearance of some platable cells, but only after
160 h of reactivation. The addition of either individual
protein (RpfB. or RipA.) or a mixture of the two
to the resuscitation medium significantly stimulated
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resuscitation and the growth of the initially dormant
bacteria (RipA. was more effective than RpfB;
P < 0.05) (Fig. 5A). In this experiment, the individual
enzymes were added at 10 ng-mL ™', a concentration
that was experimentally determined from a dose-
response curve obtained with the following concentra-
tions: 1, 5, 10, 20 and 50 ng-mL~" (Fig. 5B).

Enhanced resuscitation was observed after 160 h of
incubation in the presence of both proteins in compar-
ison with arithmetical addition of the effect (CFU
value on the ordinate axis) of each protein (P < 0.01).
Thus, the initially observed synergy in PG degradation
experiments (Fig. 2) was also observed for resuscita-
tion (Fig. 5A). It is worth noting that this result also
provides the first experimental evidence of RipA par-
ticipation in resuscitation.

Synergy of RpfB. and RipA, relies on the joint
reaction product

To determine whether resuscitation was directly stimu-
lated by the proteins or by the products of their
action, we first tested a 3-kDa-filtered enzyme-PG
hydrolysate mixture. This sample (100 pg-mL™")
showed a resuscitation activity similar to that obtained
for the isolated proteins (data not shown), denoting
the existence of the physiologically active low molecu-
lar weight compound in the mixture. Next, we tested a
synthetic analogue of the muropeptide that was discov-
ered in the digestion mixture.

As in the resuscitation experiments (Fig. 5), we
found that addition of synthetic anhydroGMDP to the
dormant culture resulted in the multiplication initially
of nonculturable cells (Fig. 6). Remarkably, the con-
centration dependency of resuscitation in the presence
of anhydroGMDP revealed a bell-shaped trend, with a
wide range of resuscitation activity from 9 to
225 ng-mL~!, and maximal activity in the range of
~ 40-100 ng-mL~" (Fig. 6, inset). However, the maxi-
mal number of resuscitated cells in the presence of a
particular muropeptide concentration varied from one
experiment to another. For example, the resuscitation
effect shown in Fig. 6 at 225 ngmL~' of anhy-
droGMDP is close to the maximum possible CFU
recovered for the dormant culture after resuscitation,
according to the inserted graph plot.

It is noteworthy that application of a set of other
muropeptides or their fragments, including the mono-
saccharide-dipeptide (MurNAc-L-Ala-p-isoGlu), amino
acids [Ala, Glu(n)], GlcNAc, the disaccharide (Glc-
NAc-MurNAc), and the dipeptide (L-Ala-p-Glu), did
not result in any stimulatory activity in our noncultur-
able mycobacteria resuscitation assay at the same

FEBS Journal 282 (2015) 25600-2511 © 2015 FEBS
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Fig. 5. Resuscitation of the dormant Mycobacterium smegmatis
nonculturable cells by RpfB. and RipA., alone and in combination.
Nonculturable cells (initial Dggg nm = 0.3) were inoculated in
the resuscitation medium, and supplemented with RpfB. and
RipA., alone and in combination, and agitated at 37 °C. (A)
Periodically, samples were removed to count CFUs. M, control,
®, RpfB., 10 ng-mL™", *P<0.05 versus control at 160 h; A,
RipA., 10 ng-mL”, **P < 0.01 versus RpfB at 160 h; V¥, RpfB./
RipAc 10/10 ng-mL~", **P < 0.01 versus RpfB. + RipA, at 160 h.
Inset: test tubes with the reactivated M. smegmatis culture after
160 h of resuscitation. One of five typical experiments is shown.
(B) Concentration dependency of the resuscitation effect after
160 h of incubation: A, RipA.; ®, RpfB.. The error bars represent
the standard error of the mean (three repeats for each time point
or protein concentration). Typical results from one independent
experiment are shown.

(equimolar) range of concentrations as for anhy-
droGMDP (data not shown). This finding suggests
that the precise chemical nature of the muropeptides
generated by the combined action of both RpfB. and
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RipA. is an important molecular determinant in the
process of resuscitation of the dormant mycobacteria.

Discussion

Modulation of PG biosynthesis and composition is
crucial for normal cellular growth and division, as well
as the maintenance of dormancy or resuscitation in
mycobacteria. In M. tuberculosis, Rpf-mediated PG
cleavage seems to be important for resuscitation [3],
although this has not yet been verified. The cell divi-
sion hydrolase RipA was shown to colocalize with
RpfB at the bacterial septa [16]; however, the role of
RipA in resuscitation from dormancy has not yet been
established. In this study, we determined the RpfB/
RipA-mediated process of PG degradation in relation
to resuscitation from dormancy. We provide experi-
mental evidence that RipA is actually involved in the
process of dormant mycobacterial cell resuscitation,
aside from its known role in cell division. Additionally,
we observed a correlation between RpfB and RipA
synergy in PG degradation and in the resuscitation of
the dormant mycobacteria.

Analysis of the chemical nature of the products
formed as a result of PG hydrolysis in the presence of
both enzymes provided several clues to better under-
stand the molecular mechanism of this reaction. In spite
of the existence of several structural studies on RpfB
[10,11,14], information on its mechanism is still lacking.
The RpfB catalytic domain shows structural similarity
to lysozyme, an enzyme whose mechanism is well
studied [14,33-35]. In hen egg white lysozyme, two
residues (Glu35 and Asp52) are critical for enzyme
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shown. Each dot represents the result of
one independent experiment.

activity: Glu35 acts as a proton donor to the glycosidic
bond, and Asp52 acts as a nucleophile [34,35]. In con-
trast to hen egg white lysozyme, RpfB does not have a
residue equivalent to Asp52 from c-type lysozymes; the
lone extra acidic residue in the substrate-binding cleft of
Rpf is Asp312, which, in turn, exists only in RpfB.
Moreover, this aspartate is spatially distant, and is not
conserved in the M. tuberculosis homologues (data not
shown). Consistent with these findings, we show that
RpfB acts through a mechanism resembling that of lytic
transglycosylases rather than that of lysozymes. Indeed,
we have identified the product of the joint action of
RpfB and RipA: anhydroGMDP. Similarly to lytic
transglycosylases [36], RpfB cleaves the B-1,4-glycosidic
bond between MurNAc and GIcNAc, and forms a
1,6-anhydro ring at the MurNAc residue (Fig. 4).

We synthesized this product of RpfB-RipA synergis-
tic action, and tested its activity in resuscitation experi-
ments. Interestingly, we observed that this
muropeptide was able to stimulate the resuscitation of
nonculturable cells, similarly to RpfB or RipA (Figs 5
and 6). Remarkably, the concentration dependence of
its resuscitation effect appeared to be bell-shaped, like
the concentration curve of the Rpfs’ stimulatory activ-
ity in vitro [37] and the resuscitation activity of large
PG fragments towards nonculturable M. smegmatis
cells [29]. The nature of this dependence remains
unclear, although it could be theoretically explained by
the probable inhibition of downstream processes in the
reactivation pathways, owing to the presence of excess
substrate.

The resuscitation effects observed after anhy-
droGMDP addition to the dormant cell cultures dem-
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onstrate that the synergy exerted by RpfB and RipA in
PG hydrolysis is caused by the forming reaction pro-
duct of the particular chemical nature. Indeed, anhy-
droGMDP, and not the other muropeptide fragments,
directly induced resuscitation (Fig. 6). Muropeptides
have been shown to act as germinants for Bacillus sub-
tilis spores through activation of the PrkC Ser/Thr
kinase [38—40]. This mechanism proceeds through the
recognition of muropeptides by the extracellular sensing
PASTA domains of PrkC [39,40]. Our results showed
resuscitation activity for the disaccharide-oligopeptide,
and not for the monosaccharide-oligopeptide (Mur-
NAc-L-alanyl-D-iso-glutamate), and are in accord with
the study of Lee et al. [41], in which a set of synthetic
muropeptides were tested as germinants for B. subtilis
spores. However, the resuscitation effect of anhy-
droGMDP in the current study is in apparent contrast
to a previous finding [42] showing that several muro-
peptides with maximal affinity for the PASTA domains
of PknB (the mycobacterial homologue of PrkC) had
only limited resuscitation effects. This may be attribut-
able to the observed concentration-dependent mode of
anhydroGMDP-induced resuscitation (Fig. 6); this
finding restricts the concentration range in which resus-
citation activity can actually be observed [42].

It is well known that Gram-negative bacteria can
efficiently recycle the resulting muropeptides during
their life cycle [43]. In contrast, it has been assumed
that Gram-positive bacteria do not recycle PG [44],
although this concept is currently being challenged for
M. tuberculosis [45,46]. Therefore, we cannot exclude a
possible role of muropeptides as building blocks that
are meant to be incorporated in mycobacterial PG
during its biosynthesis and reactivation.

Experimental procedures

PG preparation

The procedure is based on Mycobacteria protocols [47].
M. smegmatis mc?155 was grown in Sauton’s medium (pH
7.0) with agitation (200 r.p.m.) at 37 °C until the culture
reached the stationary phase (30-48 h) [32]. Cells were col-
lected by centrifugation (4000 g, for 30 min), washed three
times with 0.9% NaCl, and resuspended in breaking buffer
[2% w/v Triton X-100 in PBS (0.1 m KH,POy, 0.01 M NaCl,
pH 7.4)]. The bacterial suspension was sonicated on ice for
10 cycles (each cycle —1 min). Broken cells were centrifuged
at 8000 g for 15 min, and left overnight in the breaking buf-
fer to extract the remaining soluble material. The insoluble
fraction containing cell wall material was centrifuged at
8000 g and 4 °C. To remove the associated proteins, the pel-
leted cell wall material was extracted three times with 2%
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SDS in PBS at 95 °C for 1 h. The treated pellet was succes-
sively washed with water, 80% acetone in water, and ace-
tone, and then lyophilized to yield the purified cell walls
(rich in mycolic acids, arabinogalactan, and PG).

Mycolic acids were removed by saponification — refluxing
with 2% KOH in methanol/toluene solution (1 :1) for
48 h. The insoluble residue was collected by centrifugation
(10 000 g for 5 min). The pellet was washed repeatedly
with excess methanol before lyophilization. To remove
arabinogalactan from the arabinogalactan-PG complex,
the cell wall sample was incubated in the presence of 0.1 m
H,SO,4 at 37 °C for 5 days. The PG obtained was washed
four or five times with water, and lyophilized. The final PG
samples were kept at 4 °C.

PG labelling and hydrolysis

The purified PG fraction (2 mgmL™") was dissolved in
100 mm freshly prepared sodium carbonate buffer (pH 8.5;
adjusted with concentrated HCI). FITC labelling was car-
ried out in the dark for 16 h at room temperature with stir-
ring (Sigma, St. Louis, MO, USA; final concentration
1 mg-mL~'). Labelled PG was collected by centrifugation
(13 000 g, for 10 min), and thoroughly washed until the
supernatant lacked any unbound dye. The labelled material
was stored at —20 °C in 50 mm NaH,PO, (pH 6.0). To
assess the hydrolytic activity of the proteins, the labelled
cell wall PG was incubated with RpfBsgg 36> and RipAssz,_
472, alone and in combination, for 96 h at 37 °C. The reac-
tions were stopped by heating at 80 °C for 10-20 min. The
fluorescence intensity of the collected supernatant was mea-
sured at an excitation wavelength of 492 nm and an emis-
sion wavelength of 515 nm [17,48].

Recombinant protein isolation and purification

RpfBgo_362 Was purified from 200 mL of an E. coli producer
strain (kanamycin-resistant), according to a previously pub-
lished protocol [49]. To ensure maximal resuscitation activ-
ity, the initial concentration of the protein was no more than
100-200 pg-mL~', and IPTG induction was performed for
no longer than 2 h. RpfBjgo 36> was dialysed against 50 mm
citric acid/sodium citrate buffer (pH 6.0).

RipA;3; 47> was obtained by use of an E. coli producing
strain (ampicillin-resistant), and was maintained in the
same conditions as RpfBygo 362 [15,48]. The concentration
of the protein was 400-600 pg-mL~!. The proteins were
maintained at 4 °C for 1 month without loss of activity.

MALDI-TOF MS analysis
Sample preparation

The sample (1.5 pL) was mixed with 0.5 pL of 2,5-dihydr-
oxybenzoic acid  (Aldrich, Schnelldorf, Germany;
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10 mg-mL~" solution in 20% acetonitrile, 0.5% trifluoro-
acetic acid) on the MALDI target plate. The mixture was
air-dried.

Mass spectra

Mass spectra were recorded on the Ultraflextreme BRU-
KER MALDI-TOF/TOF spectrometer (Germany) equi-
pped with an Nd UV laser in positive reflectron ionization
mode. The measurement accuracy was 70 p.p.m. For frag-
mentation spectra, the tandem mode was used with
optimized laser power (100 shots, 100 Hz).

Muropeptide synthesis

AnhydroGMDP (N-acetylglucosaminyl-B(1-4)-N-glycolyl-1,
6-anhydromuramyl-L-alanyl-D-isoglutamate) was synthe-
sized from GMDP (N-acetylglucosaminyl-B(1-4)-N-acetyl-
muramyl-alanyl-D-isoglutamate) according to previously
published methods [50-53].

N-acetylglucosaminyl-p(1-4)-MurNAc

This was isolated from the Micrococcus luteus biomass
according to Hoshino’s protocol [51]; the yield was ~ 1%
of the disaccharide (~ 1 g from 100 g of wet biomass).

Trifluoracetate-L-alanyl-p-isoglutamate

N-tert-butoxycarbonyl-L-alanyl-p-glutamate  benzyl ester
was synthesized according to a previously published proto-
col [52]. The solution of 1.6 g (3.6 mmol) of the protected
dipeptide in 5 mL of trifluoroacetic acid was incubated for
30 min at 20 °C. After evaporation, 1.65 g of trifluorace-
tate dipeptide (trifluoracetate-L-alanyl-p-isoglutamate) as
amorphous powder was obtained.

N-acetylglucosaminyl-f(1-4)-/N-acetylmuramyl-alanyl-
p-isoglutamate

N-acetylglucosaminyl-B(1-4)-MurNAc [496.5 mg (1 mmol)]
was dissolved in 3 mL of dimethylformamide. N,N'-disuccini-
mide carbonate (256 mg) and 120 pL of N-methylmorpholine
were added to the mixture. The mixture was incubated for 6 h
at 20 °C.

Trifluoracetate-L-alanyl-p-isoglutamate (498.15 mg) and
460 pL of N-methylmorpholine in 10 mL of 2-picoline were
added to the mixture.

The reaction mixture was incubated at 20 °C for 24 h.
After evaporation, the residue was dissolved in 2 mL of
H,0, and applied to a Sephadex DEAE A-25 chromato-
graphic column (1.5 x 50 cm) in 0.15 M acetic acid. After
lyophilization, 518 mg (73%) of the disaccharide-dipeptide
was obtained (97% purity).
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AnhydroGMDP

The 1,6-anhydrodisaccharide dipeptide was synthesized
according to Chun’s method [53]. A saturated solution of N-
acetylglucosaminyl-B(1-4)-N-acetylmuramyl-alanyl-p-isoglu-
tamate in absolute acetonitrile was mixed with 20 mol% of
HCl1O4-SiO,. The temperature was raised to 80 °C to form
the anhydro product. To purify the product after evapora-
tion, the residue was dissolved in 2 mL of H,O, applied to a
C18 chromatographic column, and eluted in a gradient of
H,0 to 20% CH;OH acetic acid (yield of ~ 80%). The frag-
mentation spectrum is shown in Fig. 4.

To prepare the HCIO4-SiO, catalyst, 1.25 g (12.5 mol) of
70% HCIO,4 was added to a silica gel suspension (23.75 g,
mesh-400) in diethyl ether. The mixture was concentrated,
and the residue was heated to 100 °C for 72 h under vac-
uum to obtain HCIO4-SiO, (0.5 nmol-g~') as a free-flowing
powder.

Formation of nonculturable mycobacteria cells

M. smegmatis (strain mc?155) was initially grown for 24—
30 h at 37 °C on an orbital shaker (250 r.p.m.) in 20 mL
of 2 x rich broth E medium (Himedia, India) with 0.05%
(v/v) Tween-80. The bacteria were then inoculated into
modified Hartman—-de Bont medium [32]. Bacteria were
grown in Hartman-de Bont medium with 0.5% BSA (frac-
tion V, Cohn Analog; Sigma) at 37 °C with agitation for
72 h until NC was achieved.

Resuscitation procedure

The resuscitation of nonculturable M. smegmatis cells was
accomplished with reactivation medium - twice-diluted
Sauton’s medium [29] supplemented with 0.6% glycerol,
0.025% yeast extract (LabM), and 0.05% Tween-80.

M. smegmatis nonculturable cells obtained as described
above were washed once in 20-30 mL of the reactivation
medium containing 0.05% Tween-80, and then resuspended
in 20 mL of reactivation medium in a 150-mL flask to give
an initial Dggp nm Of 0.1-0.3. Aliquots of RpfB., RipA., 3-
kDa filtrates of digested PG or synthetic anhydroGMDP
were added to the individual flasks. The cells were incu-
bated at 37 °C for 5-11 days with agitation at 100-120
r.p.m., and the cultures were sampled periodically for plat-
ing on NBE agar.
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