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ABSTRACT

The spread of TB, as well as the rise of antibiotic resistance, create urgent needs for
new therapeutics. Although potent antibiotics target the bacterial cell wall,
surprisingly little is known about how this complex structure is built and degraded.
The mechanisms that couple cell-wall remodeling to cell division and environmental
cues also are poorly defined. These gaps in knowledge are particularly large for
mycobacteria, which make a complex cell wall with many novel and unique
structure. Mycobacteria also thrive in diverse niches, where cell-wall components
vary to promote survival.

PG, a continuous sugar-peptide meshwork that forms an essential component of the
cell wall, is a major focus of this project. Peptidoglycan key hydrolytic enzymes must
be activated only at the right time and place to avoid the toxic destruction of the cell

wall.

Most of the work presented here is focused on two classes of peptidoglycan
hydrolases, NlpC/P60, a class of peptidases with 5 different genes encoded in
Mycobacterium tuberculosis, and Rpfs, resuscitation promoting factors, a class of

lytic transglycosylases.

RipA (Rv1477), an NIpC/P60, is an essential peptidoglycan hydrolases in Mtb
involved in cell elongation and division. Its activity must be highly regulated to
allow cell survival. The crystal structure of RipA shows an enzyme in its inhibited
form. We investigated in this work the possibility of activation by protein-protein
interaction with RpfB and RpfE, as reported in literature. We solved the structure of

RipB (Rv1478) at 1.64 A of resolution. RipB is a protein homolog of RipA, encoded in



the same operon in Mtb genome. RipB shows the same inhibited form of RipA.
Therefore the two proteins are very similar, but with the inhibitory section folded

differently probably due to two different ways of activation.

We first proved and then extensively investigated the interaction between Rv2190c,
another NIpC/P60 peptidase, and FtsX, a predicted ABC transporter.

FtsX is an essential protein, conserved in all bacteria but the real function of this
protein is still unknown. In E. coli FtsX interacts with FtsE, a cytoplasmatic ATP
binding protein, essential for cell division under low osmolarity condition. Depletion
of FtsX and mutations in FtsE ATP binding cassette does not allow E. coli to divide
with formation of long brunched cells. The model proposed is that ATP binds FtsE
inside the cell causing a cascade of conformational changes through the membrane
directed towards periplasm, where the ultimate step is to switch enzymes from the
inactive conformation to the active one. The very intriguing hypothesis is that the
hydrolysis of ATP inside the cell controls the hydrolysis of peptidoglycan outside the
cell.

We performed experiments in vitro between the two proteins to elucidate the kind
of interaction and to understand the function of the interaction between Rv2190c
and FtsX. We assemble the complex in vitro showing that only the N terminus of
Rv2190c interacts with FtsX. Limited proteolysis experiments show conformational
changes for Rv2190c in presence of FtsX. We were able also to crystallize the
complex but it diffracted between 14 and 8 A of resolution. Further experiments are

necessary to solve the structure of the complex.

Finally, we solved the structure of RpfE, resuscitation promoting factor E at 2.76 A
of resolution. The protein is a small lytic transglycosylase very similar in folding
with RpfB, another Rpfs factor of Mtb.

Even though, the two enzymes are very similar in the catalytic domain folding, RpfE
shows a catalytic cleft with a complete different charge state. While RpfB presents a

very negative charged patches surface along all the catalytic cleft, RpfE instead
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shows a positive charge catalytic cleft. This difference might denote difference in

substrate binding.

Alltogether, these studies generate new insights into cell wall remodeling and
specifically in peptidoglycan hydrolases mechanism in mycobacteria. By elucidating
their crystal structures, we better understand the way these enzyme work and rise

new hypothesis on how they are regulated in vivo.
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Chapter 1

Mycobacterial cell wall.



1.1 Introduction.

Bacterial cell wall envelopes are complex structures that delimit cells and protect
them from the environment. Classification of bacteria as Gram positive or Gram
negative is based on the architecture of the cell walll2. Gram-negative cell
envelopes are formed by a thin layer of peptidoglycan and a thick outer membrane
that is covalently linked to a core of saccharides. In these organisms, the outer
membrane plays very important roles in protecting the cell from toxic molecules
and providing an additional stabilizing layer around the organism3. Gram-positive
bacteria, in contrast, have a thick layer of peptidoglycan to resist and survive in
extreme environmental conditions. Gram-positive cell envelopes are decorated by

other small entities, such as teichoic acids*>.

Corynebacterineae represent a special family of bacteria, from the point of view of
the cell-envelope architecture. They usually present a very complex cell wall with
characteristics of both Gram-positive and -negative bacteria®’. Corynebacterineae
include very important pathogens such as Mycobacterium tuberculosis and
Mycobacterium leprae. These organisms respectively cause tuberculosis (TB) and
leprosy, which are among the most ancient diseases reported in history. Antibiotics

that completely kill Mycobacteria do not exist.

Mycobacterium tuberculosis is one of the most successful bacteria to escape drug
control and resist antibiotics®?. This bacterium kills more than two million people
every year worldwide, and more than one third of the population carries a latent
infection, making urgent the development of new drugs against TB10. The peculiarity
that makes Mycobacteria so successful against drugs is the complexity of its cell
envelope. Little is known about this complex structure, the way is built and
degraded. The mechanism that couples cell-wall assembly and remodeling to cell

division is mostly undefined1.12,

Many classes of TB antibiotics target the Mycobacterial cell walll3. Like other

Corynebacterineae, Mycobacteria synthesize cell envelopes with different



compositions and greater complexity compared to other bacterial4. Outside the
cellular membrane, Mycobacterial cell walls are composed of four layers (Figure 1).
The first layer is Peptidoglycan (PG). PG is composed of carbohydrate polymer
strands cross-linked by short peptides8®. Even though PG is a very stable structure
due to the covalent cross-linking, dynamic remodeling occurs during cell growth
and division. The second layer, arabinogalactan (AG) contains arabinan and galactan
polymers covalently attached to PG. Covalently linked to the AG, the third layer
contains mycolic acids (MAs) consisting of long-chain hydroxy fatty acids!>16. The
last layer has been recently discovered and is called the capsule, composed of
arabinomannan, a-glucan and oligomannosyl-capped glycolipids important for

binding cells during infection®.

Among the numerous functions, the cell envelope provides structural rigidity that
determines cell shape, allows the cell to resist osmotic pressure, protects the cell
from external insults and promotes infection in the host by a sophisticated
mechanism that is still unknown. Due to the high complexity of the cell-wall
architecture , many enzymes are involved in cell wall biogenesis. Even though many
efforts have been made to elucidate individual reactions that contribute to cell wall
synthesis, degradation, and maintenance®?, many additional essential pathways
need to be discovered to better understand and describe the whole envelope.
Moreover, little is known about the assembly and remodeling of these different
layers. How are the enzymes responsible for these processes coordinated? How are
the different layers built in conjunction with cell growth and split during cell

division?

Mycobacterium tuberculosis is a rod-shaped bacterium, but cell septation and
division do not occur in the middle of the cell generating two equal daughter cells.,
Mtb grows asymmetrically at one tip, generating two different daughter cells. One
inherits the growing pole from the mother, and the other one develops a pole able to
separate. In the latter cell type, the growing pole alternates in each generation, and a

significant portion of the cell envelope is recycled!”.



Even though the cell envelope looks like a static and rigid mesh, it is actively
remodeled and adjusted to be inherited by the new cell, making it a very dynamic
structure!8. The mechanisms of spatial and temporal regulation of envelope
biogenesis is not understood. This work is focused on the first layer of
Mycobacterium tuberculosis cell envelope and more precisely on peptidoglycan

remodeling in Mycobacterium tuberculosis.

Peptidoglycan remodeling consists of two distinct processes: synthesis and
degradation. During cell growth, newly synthesized PG is attached to the sacculus.
To allow the sacculus to elongate and not just increase in thickness, cleavages of
covalent bonds are required!®. This role is performed by PG hydrolases, a class of
enzyme involved in many different processes in PG biogenesis. PG hydrolases are
involved in sculpting cell shape, recycling much of the PG in each generation,
creating gaps for protein insertion and splitting PG during cell division?0. Since they
degrade PG, the hydrolases are potentially toxic to the cell and they have to be

highly regulated and coordinated with biosynthetic enzymes to avoid cell lysis?1.

Different classes of PG hydrolases cleave bonds that link each of the building blocks
of PG. The hydrolases are classified in three different categories, depending on the
type of linkage that is cleaved (Figure 2). The amidases are responsible for cleaving
sugar-peptide linkage; glycosidases and tranglycosidases are responsible for
cleaving sugar chains and finally peptidases degrade peptide bonds. PG peptidases

are categorized as peptidases and carboxypeptidases>22.

We identified 22 Mtb homologs by searching the Mtb genome with the HMMER3
program using Hidden Markov Models?324 of the catalytic domains of the three PG
hydrolase classes. As in E. coli, many of the PG hydrolases show redundant
functions. Based on high-resolution transposon mutagenesis25, it is possible to
identify only 4 of the 22 PG hydrolases as essential enzymes in Mtb. These four
proteins (Rv3915, Rv1477, Rv3627c and Rv3593) are essential for growth.



PG hydrolases have been studied in a range of different bacteria, and in all the
systems, these proteins show high redundancy. For this reason, is difficult to study
the role of single PG hydrolase. Moreover, no single hydrolase gene knockout
prevents growth. In E. coli, for example, multiple PG hydrolase genes have to be
deleted to get chains of unseparated cells?627. Recent studies in a wide range of

bacteria are beginning to uncover their diverse roles in the cell?0.

Uncontrolled PG hydrolase activity would disrupt the sacculus and lyse the cell. The
newly emerging models show that this class of enzymes has to be regulated and
their function highly coordinated with PG synthases?8. The regulation is likely to be
widespread among bacteria. So far, two main models have been reported. In the first
one, involving activation by protein-protein interactions, each hydrolase is part of a
multiprotein complex and the hydrolytic activity is controlled by its incorporation
within this complex. The complex localizes only at the site of PG synthesis and
prevents hydrolysis of peptidoglycan elsewhere?2°. In the second model, PG
hydrolases are held in check by inhibitor proteins. For example, bacteria utilize PG
hydrolases to attack other bacteria in a fratricidal war. The hydrolases, to spare the
periplasm of producer cells, are bound to an inhibitor protein that protects against
direct hydrolase activity and directs activity to different bacteria3?. Similarly,
inhibitory complexes may be disassembled specifically at sites of cell growth and

division.

In Mycobacterium tuberculosis, an activating interaction between two PG hydrolases,
RipA (Rv1477) and RpfB or RpfE (Rv1009, Rv2450c) has been reported. RipA also
has been reported to interact with the trans-peptidase domain of PBP1, a PG
synthase enzyme. RipA, which is inactive in isolation, interacts with PBP1 at the
septum during cell elongation and PG synthesis, and once the daughter cells are

completely formed, interacts with RpfB to split the two cells just formed3132,

Here, I report a body of work aimed at expanding our biochemical and structural



understanding of Mycobacterium tuberculosis PG hydrolases in vitro. My approach
was to explore interactions between hydrolases and other proteins to test for
protein-protein interactions that activate these enzymes. I largely explored the
interaction in vitro between RipA and RpfB-E and between RipB and RpfD. I solved
the crystal structures of RipB and RpfE. Both structures provide insights into the
mechanisms of activation. RipB was autoinhibited and required dissociation of a
peptide from the active site to enable substrate binding. RpfE, on the other hand,
exhibits a very similar fold as RpfB, but a completely different enzymatic cleft, with

intrinsic discrimination for substrate.

[ discovered an interaction between FtsX and Rv2190c and [ extensively
investigated the mechanism of complex assembly. Between RipA and Rv2190c in
Mtb, only Rv2190c binds to FtsX, showing the complexity and specificity of PG
hydrolase regulation. The FtsX-Rv2190c complex opens up a new intriguing
hypothesis regarding the regulation of PG degradation. Interestingly, FtsX is
homologous to an E. coli integral membrane protein interacting in the cytoplasm
with FtsE (an ATP binding protein) and the lack of ATP hydrolysis produces long
branches of unseparated E. coli33 cells. Deep and exhaustive investigation of this
FtsEX -Rv2190c complex would offer the first evidence regarding the hydrolysis of
ATP in the cytoplasm and the effects on the periplasmatic hydrolysis of PG.



1.2 Figures.

Figure 1. Mycobacterial cell wall.
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Figure 1. Mycobacterial cell wall. Mycobacteria cell wall consists of two segments.
The lower segment extends beyond the membrane, with peptidoglycan (PG)
forming a very complex network around the cell. As seen on the figure above,
arabinogalactan (AG) is covalently attached to PG and mycolic acid in turn is
covalently attached to AG. The upper segment is composed of free lipids, cell wall
proteins, phosphatidylinositol mannosides (PIMs), lipomannans (LM) and

lipoarabinomannan (LAM)4.



Figure 2. Mycobacterium tuberculosis Peptidoglycan.

Figure 2. Mycobacterium tuberculosis Peptidoglycan. Mycobacterium tuberculosis
peptidoglycan consists of long glycan strands composed by repeating N-
acetylglucosamines (NAM) linked to N-acetylmuramic acids. These stands are cross-
linked to the lactyl group of NAM from different glycan strands. Peptide chains
normally consist of a L-alanyl-D-iso-glutaminyl-meso-diaminopimelic acid (DAP)
linked to a terminal D-alanine residue from L-alanyl-D-iso-glutaminyl-meso-DAP-D-
alanine. Typically, Gram-positive bacteria such as Mycobacteria incorporate lysine
as a unique basic amino acid residue. Alternatively, Mycobacteria incorporate
diaminopimelic (DAP) acid, which is typical of Gram-negative bacteria.
Mycobacterial peptidoglycan show modifications that make it unique. More
specifically, it has been reported that N-acetyl group on muramic acid is sometimes
modified by a N-glycolyl group. Moreover, on average 25% of PG is 3-3 crosslinked
(DAP-DAP) in Mycobacteria, with the rest being typically 3-4 (DAP-Ala) crosslinked.
In other bacteria such as E. coli, only a small portion of peptidoglycan is crosslinked
and the ratio of crosslinked PG over the uncrosslinked increase with the resistance

to antibiotics.
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Chapter 2

Mycobacterium tuberculosis peptidoglycan hydrolases:

Activation by protein-protein interaction.
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2.1 Introduction.

Peptidoglycan hydrolases is a class of enzymes involved in many processes of
bacterial cells like growth, cell division, septation, cell-wall recycling and
signaling?234. Although PG hydrolases were for long time associated with cell
degradation, like lysozyme, new developments on this class of enzyme are raising
the intriguing question of how PG hydrolytic activity is regulated to avoid cell

disintegration®.

In the last few years, several cases of highly regulated PG hydrolases have been
reported®’8. In Bacillum subtilis, it has been postulated that the SpollP-SpolID
complex pulls the mother cell membrane around the forespore with the subsequent
direction of PG machinery from the mother to the forespore®. Although the in vivo
mechanism remains unclear, the in vitro activity has been well investigated’. SpolIP
was predicted to have amidase and endopeptidase activity and SpollD
tranglycosilase activity. Briefly, SpolID can bind PG, but no activity is detected until
the stem peptide has been removed by SpolIP. On the other hand, the activity of
SpollP is achieved by the interaction with SpolID. The interaction between the two

proteins is indispensable for complex activation and regulation.

Complexes between two PG hydrolases have been reported also for Mycobacterium
tuberculosis. Rubin and coworkers reported a case of interaction between RpfB -
resuscitation promoting factor B - and an NIpC/P60 L-D endopeptidase called
RipA810.11 Based on yeast two-hybrid assay, RipA interacts with RpfB and RpfE, two
resuscitation promoting factors, and PBP1, an the essential high-molecular-weight
PG synthase. The region of RipA involved in all these interactions is the C-terminus
of the catalytic domain. Therefore, the hypothesis is that RipA under different
conditions and at different times binds different proteins and participates with the

same function in different cell process like PG synthesis or degradation.
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Experiments carried out in vivo show that RipA localizes at the septa and at the
poles, and its activity is crucial for cell division and septation. Depletion of RipA
results in long branched filament cells, and over-expression of the RipA catalytic
domain causes cells to blow up and explodel?. Therefore, the activity of RipA must
be highly regulated to allow cell survival. All the reported antagonistic interactions
between RipA and PBP1 or RpfB and RpfE make of RipA a fundamental enzyme

involved in PG synthesis and degradation during cell division in mycobacteria.

The way new peptidoglycan is coordinately synthesized and hydrolyzed during cell
growth and division is a puzzle that remains unsolved in all bacteria. PG hydrolases
and synthases must work in a spatially and temporally coordinated manner. The
hypothesis for RipA is that during septation, RipA interacts with PBP1 and
participates in the synthesis of PG between daughter cells. After the PG synthesis is
completed, RipA may exchange PBP1 for an autolysin binding partner like RpfB/E.
These new complexes between PG hydrolases are active on PG and split the cell wall

to separate the two mature daughter cells.

The regulation of RipA activity can be inferred from this structure of the RipAze3-472
C-terminal catalytic domain!3. The RipA catalytic-domain structure shows a
conformation typical of an inactive enzyme. In this structure, the active-site cleft is
physically blocked by an inhibitory segment that needs to be removed to allow
substrate binding. It is unclear which mechanism allows RipA activation. There are
two plausible hypotheses regarding the activation: the first one is RipA is a zymogen
and its activity is regulated by a protease that removes the inhibitory section. The
second model is that an interaction between one or more proteins contribute to
conformational changes that enable the substrate to access the catalytic site. Even
though the crystal structure of RipA has been solved, most aspects of how this

enzyme participates to PG synthesis and degradation remain unclear.

In this chapter, I describe the search for a protein complex between PG hydrolases,

using a pull down approach. We followed the idea that different classes of enzymes
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may interact with each other to form active complexes. As a first step of this method,
[ cloned, expressed, and purified 10 hydrolases, a few from each class of enzymes,
and tested these for in vitro interaction using GST pull down assays. Initially, I
detected interaction between RpfD and Rv1478, a NIlpC/P60 hydrolase, the same
classes of enzymes reported previously for RipA and RipB complexes. I tested the
formation of RipA - RpfB and RipB - RpfD complexes using other biochemical
assays, such as native gel electrophoresis and gel filtration. We also tested the
possibility of co-purifying native complexes directly from E. coli using multi-protein
co-expression vectors. On the way to validate previous mentioned protein

interactions, I solved the crystal structure of Rv1478.
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2.2 Looking for protein complexes.

Mycobacterium tuberculosis encodes a high number of PG hydrolases compared to
other bacteria. Although the number of hydrolases is mostly conserved in
mycobacteria (Table 1), the typical Gram-positive bacterium Staphilococcus aureus
encodes 11 hydrolases and 5 more proteins with domain of unknown function
involved in cell wall hydrolysis?. Gram-negative bacteria as E. coli, for example,
encodes 23 secreted hydrolases'4. E. coli recycles peptidoglycan, and in each
generation approximately 50% of peptidoglycan is newly synthesized!53.
Therefore, the high number of peptidoglycan hydrolases encoded in E. coli includes
several hydrolases involved in PG recycling.. By comparison, Mycobacterium

tuberculosis encodes 22 hydrolases (Table 2).

Little is known, however, about peptidoglycan synthesis and degradation in
mycobacteria. To study peptidoglycan regulation and activity, we produced a library
of recombinant Mtb PG hydrolases in E. coli. Enzymes were cloned in different E. coli
expression vectors. Initially, I cloned, expressed and purified a collection of 8 PG
hydrolases (Table 3) (Figure 1). The peptidoglycan-hydrolase library was used for
activity tests and for pull downs to detect any possible interaction between
hydrolases. The activity tests on the E. coli peptidoglycan and the Mycobacterium
smegmatis cell wall did not show any activity (data not shown), leading us to
formulate the hypothesis that Mtb peptidoglycan hydrolases must be highly

regulated to limit their toxicity.

To investigate potential mechanisms of hydrolase activation, we mixed PG
hydrolases and assayed for interactions among them. Specifically, we tested GST-
tagged Rv1477, Rv1478, Rv0024, Rv2190c, Rv1566¢, Rv3915, Rv3717 and Rv3811
for interaction with RpfD tagged with HisMBP. Rv1477, Rv1478, Rv0024, Rv2190c,
Rv1566¢, Rv3915, Rv3717 and Rv3811, all GST-tagged, were incubated at equimolar
concentration with His-MBP RpfD for 30 minutes at 4 °C in Buffer A (0.3 M Nac(Cl, 20
mM Tris pH 8, 0.5mM TCEP, 10% glycerol). A native gel stained with Coomassie blue
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showed (Figure 2) a new band for Rv1478 bound to HisMBP-RpfD. Based on the
band intensities, the interaction between Rv1478 and RpfD looks stoichiometric.
The apparent interaction between Rv1478 and RpfD showed the same qualitative
specificity as RipA (Rv1477) and RpfB as reported by Rubin (reference). Thus, to
confirm the interaction between Rv1478-RpfD and RipA-RpfB we carried out other

biochemical assays to study the interaction and activity of the two complexes.

2.3 Rv1478 and RpfD interaction.

To test the interaction between Rv1478 and RpfD we isolated GTS-Rv1478 and
HisMBP-RpfD by affinity chromatography from E. coli, and investigate, by size
exclusion chromatography, any potential interaction between the two proteins.
After TEV cleavage, we incubated proteins for 30 min at 4 °C at equimolar
concentration in the same buffer condition describe above. Analytical size exclusion
chromatography profiling showed three peaks not well solved (Figure 3). A
Coomassie blue-stained denaturing polyacrylamide gel showed a very complex
profile: fractions in the first peak at 8 ml contained uncleaved HisMBP-RpfD;
fractions in the second peak at 11.38 ml contained three different bands, uncleaved
GST-Rv1478, HisMBP and GST, and fractions in the last peak contained Rv1478. We
inferred from this size exclusion elution profile that HisMBP-RpfD ran on the gel
filtration column at high molecular weight, typical of insoluble and misfolded
proteins. In addition, we noticed that TEV protease very inefficiently cleaved the
His-MBP tag, and the small amount of HisMBP was not correlated with a band
corresponding to RpfD alone. We asked why TEV was so inefficient during this

reaction and why RpfD alone did not appear on the gel.

RpfD, like all the other peptidoglycan hydrolases, is secreted to the perislasm1617. All
the other resuscitation promoting factors in Mtb encode a signal peptide to address
secretion, but RpfD is the only one that does not encode signal peptide. Taken
together, experimental data suggest a misfolded status for this enzyme and the

missed secretion sequence, suggested a probable transmembrane domain. We
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investigated RpfD amino acid sequence through TMHMM software!® for membrane
domain prediction. TMHMM software confirmed the presence of a predicted
transmembrane helix at the N terminus of the sequence (Figure 4). Consequently, to
validate the interaction between RpfD and Rv1478, we cloned a different RpfD

truncation starting after trans-membrane domain.

2.4 RpfD refolding strategy.

The new truncation of RpfDas-154-His-Trx was completely insoluble in the cell pellet.
To extract the protein from inclusion bodies!® we used strong denaturing conditions
to completely unfold the protein (urea or guanidine 6M), and we developed a
refolding protocol?021 by decreasing the urea or guanidine concentration in the
presence of a 10:1 ratio of reduced-to-oxidized glutathione. During the refolding
protocol, we noticed that a very important step for complete refolding was the
oxidation of 4 cysteines to disulphide bonds?223. This suggested that the disulphide
bonds are essential for the correct and complete folding of this enzyme. Correct

folding of the enzyme was confirmed by size exclusion chromatography (Figure 5).

Once RpfDss154 was refolded and soluble, we tested the interaction with Rv1478
using size exclusion chromatography. We mixed equimolar amount of RpfD4s-154 and
Rv1478 and injected the sample on an analytical Superdex S75 size exclusion
column. The purified proteins eluted as a single peak at 12.69 ml, but we did not
observe any significant shift in elution volume between the hypothetical complex
and the individual proteins (RpfDass-154 dimer 13.05mL; Rv1478 12.65 ml) (Figure 6).
The same experiment was repeated with RpfDag-154 monomer, but in this case, we
used GST-tagged Rv1478 to avoid overlaps between elution peaks corresponding to
the individual proteins and the expected complex. We tested also the hypothetical
interaction using native gel shift. The Coomassie blue gel did not show any shift in
band between the two single proteins and the hypothetical complex (data not

shown). These results were inconsistent with the results we observed initially in the
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GST pull down experiments (figure 2). With these conflicting data available, we
believe that the correctly folded RpfDas.154 and Rv1478 do not form a complex in

vitro.

2.5 RpfB and RipA interaction.

Given our contrasting results about the Rv1478 and RpfD4s.154 interaction, we tested
the interaction between RpfB and RipA (Rv1477) using the same biochemical
assays. Since an equimolar mixture of RpfD and Rv1478 did not show any evidence
of interaction in vitro, we asked if the interaction between these two classes of
enzymes might require a specific native conformation populated only if both
proteins are co-expressed at the same time in the same expression system. For this
reason, we used for this complex a different approach. We cloned both proteins in
the same co-expression vectors with combinations of different tags and different
truncations (Table 4) to overcome probable solubility and expression problems. We
tested two different truncations of RipA fused to a strep tag (RipA-L: 43-472; RipA-S
263-472) and two different truncations of RpfB (RpfB-L 44-362 and RpfB-S 194-
362) with 4 different tags (HisMBP, HisSUMO, HisTrx, HismOCR). We transformed
dual expression vectors in E. coli, and all the vectors containing RipA-S did not grow
well (colonies were pinprick-sized or nonexistent), suggesting that the protein
inhibits cell growth and the combination of RpfB-L/S with RipA-S was toxic for

bacterial cells.

In contrast, cells carrying vectors containing RipA-L grew well. Based on this result,
we tested for interactions of I, K, M, O plasmid combinations, but only for the
combination [, we were able to get some RipA-L soluble in the supernatant. The
complex was investigated by size exclusion chromatography, which did not show

clear results (Figure 7).
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Since most of the RipA-L was insoluble, the only way to study the interaction
between RipA and RpfB was to try to troubleshoot the growth condition for the
other 4 combinations with the short form of RipA. We incubated E. coli cells carrying
A and E combination vectors at 37 °C for 24 hours to allow the few colonies to grow.
These were used to inoculate small- and large-scale broth cultures. Cells grew very
slowly and reached ODgoo=0.6 after 10-12 hours. Although we were able to grow
cells carrying both plasmids, only combination E with RipA-S strep tag and RpfB-L
HisMBP tag expressed both proteins. We isolated the complex of RipA and RpfB
from supernatant using affinity chromatography (Ni column) (Figure 8-A).
However, we got completely different results by size exclusion chromatography,
where the elution chromatogram shows two different peaks completely separated.
Coomassie blue gel confirmed that no interaction between RipA and RpfB existed in
the condition we were operating (Figure 8-B). Although, the two protein masses
were only 15 kDa apart, RpfB ran at a higher apparent molecular mass, probably
due to the elongated shape of the protein. In light of these results, we thought this
interaction was not compatible with the buffer conditions used (0.1M NaCl, 0.02M
Tris pH 8, 5% glycerol). For this reason, we examined the interaction between RipA
and RpfB in different buffer conditions, by testing several salt concentrations and

pHs. All the buffer combinations gave negative results.

We asked also whether the complex may undergo a conformational change during
the execution of the experiment with the consequent disruption of its interactions.
To test this idea, fractions containing both proteins eluted from the Ni column
without TEV cleavage step were injected on size exclusion column. Results showed

the same separated species (data not shown).

2.6 Rv1478/RipB structure.

The Mycobacterium tuberculosis genome encodes Rv1477 (RipA) and Rv1478 (RipB)

in the same operon. RipA is a long protein with an N-terminal domain of unknown
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function and a C-terminal catalytic domain. Experiments in vivo showed that RipA is
cleaved to produce a C-terminal fragment that runs around 27 kDal2. The catalytic
domain shares a high identity and similarity in amino acid sequence with RipB

(Blast alignment shows 61% identity and 72% similarity).

We solved the crystal structure of Rv1478 (Figure 9). RipB adopts a fold very similar
to RipA and conserves the same catalytic triad Cys, His and Asp!3. The crystal
structure reveals an auto-inhibited native conformation with a prodomain that
blocks access of the substrate to catalytic site (figure 10). The inactivating loop is
conserved also in RipA, but differently packed between the two proteins: RipA
shows a beta-hairpin into the lid, while RipB shows two alpha helices packed at 90
degrees. The two structures also show minor differences at the C terminus, where a
loop is oriented in a different way. Analysis of Rv1478 surface reveals a hole in the

body of the enzyme with an asparagine completely exposed.

Both enzymes are inactive in their native conformation and both need the
movement of the N terminus to allow substrate access to the catalytic site. The
activation mechanism for both proteins remains still unknown and under

investigation.
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2.7 Discussion.

Cell-wall hydrolases are involved in many processes of synthesis and degradation,
and their activities are crucial to cell survival and mobility. How Mycobacterium
tuberculosis, and all the other bacteria, coordinate the spatio-temporal activities of
PG hydrolases to limit their toxicity is not well understood. The hypothesis
proposed by Rubin is that the activities of hydrolases like RipA are regulated by
interactions with other proteins; the right interaction switches the enzymes from
the inactive to the active form. The interaction proposed for RipA and RpfB is very
intriguing. The two cell-wall hydrolases have been proposed to synergize to control

and regulate each other’s activity810.12,

We investigated with biochemical methods the potential interactions between RipA
and RpfB, as well as RipB and RpfD. The results showed no interaction. Most likely,
the RipB and RpfD interaction detected in vitro during GST pull downs is a false
positive due to the misfolded status of RpfD. Quite interestingly, we detected the
interaction only for RipB and not for any other hydrolases tested in the same assay.
It is possible that the transmembrane domain deleted in our experiment to remove

the aggregate may play a role in the interaction with RipB.

For RipA and RpfB, our experiments revealed conflicting data. Primarily, plasmids
carrying both hydrolases are toxic for E. coli, inhibiting the growth of the cells. We
found out experimentally how to grow E. coli only for two constructs of RipA and
RpfB. However, one of these constructs does not express the proteins and the other
one expresses both proteins but they do not form a complex.. The hypothesis here is
that E. coli in order to grow under these stress conditions, produces an inactive form
of the complex. Alternatively, the complex may need a third component to be stable

and detectable.

The RipA and RipB crystal structures validated the hypothesis that hydrolases need

to regulate their activity, and in this specific case need to be activated in order to
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function!3. Both enzymes overlap well for most of the structure, except for the N-
terminus where we think different interacting partners may regulate different

functions within the cells.
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2.8 Materials and Methods.

Rv0024 cloning, expression and purification. Oligonucleotide primers were
designed to amplify nucleotide sequences corresponding to different Rv0024 (1-
181) by PCR using H37Rv genomic DNA. Primer sequences contained the insertion
site for the TOPO TEV vector. The PCR products were cloned in an expression vector
(pDest15 Gateway) carrying a TEV cleavable N-terminal GST tag. The positive

plasmid was transformed in Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODsoo 0.6 was reached, and cultures were induced
with 1mM IPTG at 18 °C and shaken overnight for protein expression. The pellet was
resuspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10% glycerol, 0.5 mM
TCEP) containing protease inhibitors. The pellet was sonicated and the lysate was
centrifuged at 18000 rpm for 1 hour. Supernatant was loaded on a GST-affinity
column and washed with 10 volumes of Buffer A. Protein was eluted with Buffer B
(300 mM NacCl, 20 mM Tris pH 8, 0.5 mM TCEP, 20 mM reduced glutathione). The
protein was dialyzed against buffer A overnight to remove glutathione. The protein

was flash frozen in liquid nitrogen and stored for further experiments.

Rv1009 cloning, expression and purification. Oligonucleotide primers were
designed to amplify nucleotide sequence corresponding to Rv1009 (24-362) by PCR
using H37Rv genomic DNA. Primer sequences contain the insertion site for the
TOPO TEV vector. The PCR product was cloned in an expression vector (pHGWA
Gateway) carrying a TEV cleavable N-terminAl His tag. The positive plasmid was
transformed into the Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached and cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression. The pellet was
resuspended in Buffer A (300 mM NaCl, 20 mM imidazole pH 8, 20 mM Tris pH 8,
10% glycerol, 0.5 mM TCEP), containing protease inhibitors. The pellet was
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sonicated and the lysate spun down at 18000rpm for 1 hour. Coomassie blue gel
(data not shown) for lysate, pellet and supernatant showed that the expected band
around 40 kDa was present in the lysate and in the pellet but not in the supernatant.
The protein was insoluble and we did not proceed to affinity purification from the
supernatant. The pellet was flash frozen by liquid nitrogen and stored for further

experiments.

Rv1477 cloning, expression and purification. Oligonucleotide primers were
designed to amplify nucleotide sequences corresponding to different truncations of
Rv1477 (41-472 and 263-472) by PCR using H37Rv genomic DNA. Primer
sequences contain the insertion site for the TOPO TEV vector. The PCR products
were cloned in an expression vector (pDest15 Gateway) carrying a TEV cleavable N-
terminal GST tag. The positive plasmid was transformed into the

Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODeoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression. The pellet was re-
suspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10% glycerol, 0.5 mM TCEP),
containing protease inhibitors cocktails. The pellet was sonicated and the lysates
spun down at 18000rpm for 1 hour. Supernatant was loaded on a GST-affinity
column and then washed with 10 volumes of Buffer A. Proteins were eluted with
Buffer B (300 mMNaCl, 20mMTris pH 8, 0.5 mM TCEP, 20 mM reduced glutathione).
The protein was dialyzed against buffer A overnight to remove glutathione. The

proteins were flash frozen in liquid nitrogen and stored for further experiments.

Rv1566¢ cloning, expression and purification. Oligonucleotides primers were
designed to amplify nucleotide sequences corresponding to Rv1566¢ (29-170) by
PCR using H37Rv genomic DNA. Primer sequences contained the insertion for the
TOPO TEV vector. The PCR products were then cloned in an expression vector
(pDest15 Gateway) carrying a TEV cleavable N terminus GST tag. The positive

plasmid was then transformed in Rosetta2(DE3)pLysS expression system.
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Cells were grown at 37 °C until ODeoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression.

The pellet was re-suspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10%
glycerol, 0.5 mM TCEP), containing protease inhibitors cocktails. The pellet was
sonicated and the lysate spun down at 18000rpm for 1 hour. Supernatant was
loaded on a GST-affinity column and then washed with 10 volumes of Buffer A. The
protein was eluted with Buffer B (300 mMNacCl, 20mMTris pH 8, 0.5 mM TCEP, 20
mM reduced glutathione). The protein was dialyzed against buffer A overnight to
remove glutathione. The protein was flash frozen in liquid nitrogen and stored for

further experiment.

Rv2190c cloning, expression and purification. Oligonucleotides primers were
designed to amplify nucleotide sequences corresponding to Rv2190c (33-385) by
PCR using H37Rv genomic DNA. Primer sequences contained the insertion for TOPO
TEV vector. The PCR products were then cloned in an expression vector (pDest15
Gateway) carrying a the TEV cleavable N terminus GST tag. The positive plasmid
was then transformed in RosettaZ(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression.

The pellet was re-suspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10%
glycerol, 0.5 mM TCEP), containing protease inhibitors cocktails. The pellet was
sonicated and the lysate spun down at 18000rpm for 1 hour. Supernatant was
loaded on a GST-affinity column and then washed with 10 volumes of Buffer A.
Protein was eluted with Buffer B (300 mMNaCl, 20mMTris pH 8, 0.5 mM TCEP, 20
mM reduced glutathione). The protein was dialyzed against buffer A overnight to
remove glutathione. The protein was flash frozen in liquid nitrogen and stored for

further experiment.

Rv3915 cloning, expression and purification. Oligonucleotides primers were
designed to amplify nucleotide sequences corresponding to Rv3915 (1-406) by PCR

using H37Rv genomic DNA. Primer sequences contained the insertion for the TOPO
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TEV vector. The PCR products were then cloned in an expression vector (pDest15
Gateway) carrying a TEV cleavable N terminus GST tag. The positive plasmid was
then transformed in RosettaZ2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression.

The pellet was re-suspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10%
glycerol, 0.5 mM TCEP), containing protease inhibitors cocktails. The pellet was
sonicated and the lysate spun down at 18000rpm for 1 hour. Supernatant was
loaded on a GST-affinity column and then washed with 10 volumes of Buffer A. The
protein was eluted with Buffer B (300 mM NaCl, 20mMTris pH 8, 0.5 mM TCEP, 20
mM reduced glutathione). The protein was dialyzed against buffer A overnight to
remove glutathione. The protein was flash frozen in liquid nitrogen and stored for

further experiment.

Rv3717 cloning, expression and purification. Oligonucleotides primers were
designed to amplify nucleotide sequences corresponding to Rv3717 (25-241) by
PCR using H37Rv genomic DNA. Primer sequences contained the insertion for the
TOPO TEV vector. The PCR products were then cloned in an expression vector
(pDest15 Gateway) carrying a TEV cleavable N terminus GST tag. The positive
plasmid was then transformed in Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression.

The pellet was re-suspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10%
glycerol, 0.5 mM TCEP), containing protease inhibitors cocktails. The pellet was
sonicated and the lysate spun down at 18000rpm for 1 hour. Supernatant was
loaded on a GST-affinity column and then washed with 10 volumes of Buffer A.
Protein was eluted with Buffer B (300 mMNaCl, 20mMTris pH 8, 0.5 mM TCEP, 20
mM reduced glutathione). The protein was dialyzed against buffer A overnight to
remove glutathione. The protein was flash frozen in liquid nitrogen and stored for

further experiment.
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Rv3811 cloning, expression and purification. Oligonucleotides primers were
designed to amplify nucleotide sequences corresponding to Rv3811 (1-539) by PCR
using H37Rv genomic DNA. Primer sequences contained the insertion for the TOPO
TEV vector. The PCR products were then cloned in an expression vector (pDest15
Gateway) carrying a TEV cleavable N terminus GST tag. The positive plasmid was
then transformed in RosettaZ2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression.

The pellet was re-suspended in Buffer A (300mM NaCl, 20mMTris pH 8, 10%
glycerol, 0.5 mM TCEP), containing protease inhibitors cocktails. The pellet was
sonicated and the lysate spun down at 18000rpm for 1 hour. Supernatant was
loaded on a GST-affinity column and then washed with 10 volumes of Buffer A.
Protein was eluted with Buffer B (300 mMNaCl, 20mMTris pH 8, 0.5 mM TCEP, 20
mM reduced glutathione). The protein was dialyzed against buffer A overnight to
remove glutathione. The protein was flash frozen in liquid nitrogen and stored for

further experiment.

Rv2389c cloning, expression and purification. Oligonucleotides primers were
designed to amplify nucleotide sequences corresponding to Rv2389c¢ (1-1544) by
PCR using H37Rv genomic DNA. Primer sequences contained the insertion for the
TOPO TEV vector. The PCR products were then cloned in an expression vector
(pHMGWA Gateway) carrying a TEV cleavable N terminus GST tag. The positive
plasmid was then transformed in Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached, then cultures were induced

with 1mM IPTG at 18C and left overnight for protein expression.

The pellet was resuspended in Buffer A (300 mM NacCl, 20 mM imidazole pH 8, 20
mM Tris pH 8, 10% glycerol, 0.5 mM TCEP) containing protease inhibitors. The
pellet was sonicated, and the lysate centrifuged at 18000rpm for 1 hour.
Supernatant was loaded onto a Ni-affinity column and washed with 10 volumes of

Buffer A. Protein was eluted with Buffer B (300 mM NaCl, 20 mM Tris pH 8, 0.5 mM
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TCEP, 300 mM imidazole). The protein was dialyzed against buffer A overnight to
remove the imidazole. During dialysis, the tag cleavage reaction was performed

using TEV protease.

A second affinity purification using a Ni-affinity column was performed to remove
the tag. The protein once concentrated was injected for a gel filtration step for
further purification. Gel filtration elution shows a peak at high molecular weight
typical of misfolded proteins. All the attempts to remove aggregate, like high salt

and/or dialysis against 1 M urea were unsuccessful (data not shown).

The RpfD sequence was analyzed using several computer programs to explore the
hypothetical transmembrane domains. Results indicated that RpfD has a trans-
membrane helix (20-40). A new construct starting at residue 48 was designed. The
PCR product was cloned in a pDest-59 (Novagen) carrying an N-terminal His-Trx
tag. RpfD-Trx was not soluble, and it accumulated as an insoluble protein in the
pellet. A strategy of refolding was developed. The pellet was completely solubilized
in 6M urea by sonication, centrifuged for 1 hour at 18000 rpm, and the supernatant
was loaded to a Ni-affinity column. All the starting purification steps were carried
out in 6M urea. The refolding protocol consists of many steps of dialysis where the
concentration of urea was slowly lowered. The first step was dialysis against 4 M
urea, 300mM NacCl, 20mM Tris pH 8, 10% glycerol. This step is followed by another
one with a buffer in 2 M urea and a redox system (1 mM reduced gluthatione, 0.1M
oxidized gluthatione) to allow the formation of two disulphide bonds essential for
RpfD folding. Urea was completely removed and a gel filtration purification step was
used to check the folding status of the protein and also as the last step of

purification. This refolding strategy led to a folded protein that behaved as a dimer.

A different strategy of refolding was developed. In this case, instead of performing
the refolding steps in a dialysis bag using buffer with different concentrations of
urea, a Ni-affinity column was used as a fixed support where the protein was bound

during the refolding process to avoid domain swapping. The second strategy of
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refolding was carried out using a decreasing gradient of buffer B at high
concentration of Guanidine-HCl (6 M Gu-HCl, 300 mM NaCl, 20 mM imidazole,
20mM Tris pH8, 10% glycerol) and an increasing gradient of buffer A containing
300 mM NacCl, 20 mM imidazole, 20 mM Tris pH8, 10% glycerol, 10 mM of reduced
glutathione and 1mM of oxidized glutathione. The protein was eluted using buffer
Ni-B (300 mM NaCl, 20 mM Tris pH 8, 10% glycerol, 300 mM imidazole) dialyzed in
the same buffer to remove imidazole. During dialysis, TEV protease cleavage was
performed. The gel filtration purification step showed a peak typical of a protein

monomer.

Rv1478, cloning, expression, and purification. Oligonucleotide primers were
designed to amplify nucleotide sequences corresponding to Rv1478 (31-242) by
PCR using H37Rv genomic DNA. Primer sequences contained the insertion for the
TOPO TEV vector. The PCR products were then cloned in an expression vector
(pDest15 Gateway) carrying a TEV cleavable N terminus GST tag. The positive

plasmid was then transformed in Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODgoo 0.6 was reached, then cultures were induced
with 1mM IPTG at 18C and left overnight for protein expression. The pellet was re-
suspended in Buffer A (300mM NacCl, 20mMTris pH 8, 10% glycerol, 0.5 mM TCEP).
The buffer contains protease inhibitors cocktails. The pellet was sonicated and the
lysate spun down at 18000rpm for 1 hour. Supernatant was loaded on a GST-affinity
column and then washed extensively with Buffer A. Protein was eluted with Buffer B
(300 mMNaCl, 20mMTris pH 8, 0.5 mM TCEP, 20 mM reduced gluthatione). The
protein was dialyzed over night in the same buffer condition and (300 mM NaCl, 20
mMTris pH 8, 0.5 mM TCEP 10% glycerol) to remove glutathione. During dialysis
TEV protease cleavage was performed. A second affinity purification on a
glutathione column was used to remove the GST tag. Once the tag was separated
from Rv1478, the protein was concentrated and injected for a further purification
using gel filtration (data not shown). This strategy of purification gave a single peak

for Rv1478, but most of the fractions contained different amounts of Rv1478 and
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tag. A different strategy of purification was attempted. Fractions containing Rv1478
and GST were combined and dialyzed against a low salt buffer (30 mM NacCl, 20
mMTris pH 8, 0.5 mM TCEP, 10% glycerol) and passed through an HQ (ion
exchange) column. Using this purification approach, Rv1478 flowed through the

column, and the GST tag was retained.

Rv1478 Crystallization and structure determination. Preliminary Rv1478 crystals
were obtained by hanging drop vapor diffusion at 18 °C from a 1:1 mixture of 23
mg/mL protein with 8% 2-propanol, 16% (w/v) PEG 3000, 50 mM NaCitrate pH 5.5.
Diffraction quality crystals were obtained by hanging drop vapor diffusion at 18 °C
by seeding 1:1 mixture of 23 mg/mL protein with 8% 2-propanol, 16% (w/v) PEG
3000, 50 mM NaCitrate pH 5.5. Crystals were immersed in mother liquor containing
15% glycerol, mounted, and flash frozen in liquid N». Diffraction data were collected
at the Lawrence Berkeley National Laboratory Advanced Light Source Beamline
8.3.124. The PHENIX?5 software suite was used for model building by molecular
replacement using as model 3NEO homolog in Protein Data Dank (PDB). Cycles of
refinement were performed by with PHENIX?2°. Images and structural alignments

were generated using Chimera?®.

GST pull down experiments. GST-tagged Rv1477, Rv1478, Rv0024, Rv2190c,
Rv1566¢, Rv3915, Rv3717 and Rv3811 were tested for interaction with RpfD
HisMBP. The pull down experiment was carried out in buffer A (0.3 M NaCl, 20 mM
Tris pH 8, 0.5 mM TCEP, 10% glycerol). 100 pL of each GST-tagged protein was
bound on glutathione resin and the surplus of unbound proteins washed away. 200
uL of RpfD HisMBP was added to each protein bound on the GST-affinity resin. The
mixture was gently rotated at 4 °C for 30 min. After the supernatant was removed,
the resin was washed with 10 volumes of buffer A. Samples were boiled in SDS
loading dye for 10 min, and 10 pL of each supernatant was run on a denaturing
polyacrylamide gel. Coomassie blue stain showed a new band at the molecular

weight of RpfD HisMBP in the Rv1478 sample.
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RpfB-Rv1477: cloning, expression, purification. RpfB and RipA were cloned in a
polisystronic plasmid (2E- http://www.addgene.org.) with a combination of 4
different tags for RpfB (6HisMBP; 6HisSUMO; 6HisMocR; 6HisTrx) and a single tag
for Rv1477 (strep). For both proteins, full-length sequences and truncations

containing the catalytic domain were tested (see Table 4).

Cells were grown at 37 °C until the ODesoo reached 0.6 and then induced by 1 mM
IPTG at 16 °C for 8 hours. Cells were lysed in 100 mM NacCl, 20 mM Tris pH 8, 0.5
mM TCEP, 20 mM imidazole pH 8, 5% glycerol), and the supernatant was loaded
onto a Ni-affinity column, washed and eluted with 100 mM NaCl, 300mM imidazole,
20mM Tris pH 8, 0.5 mM TCEP, 5% glycerol. The proteins were dialyzed against a
redox system to form disulphide bonds critical to the folding and stability of rpfB
(dialysis buffer: 100 mMNaCl, 20mMTris pH 8, 0.5 mM TCEP, 5% glycerol, 1mM
reduced gluthatione-0.1mM oxidated glutathione). The TEV protease reaction to
remove the tag was performed during the dialysis step. The two proteins after the
rebinding step were concentrated and injected onto an S200 gel filtration to study
the behavior as a complex. Purifications for the complex at pH 7 and 5 in the same

buffer condition were performed.
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2.9 Figures.

Figure 1. Library of 8 peptidoglycan Hydrolases expressed in E coli.

Peptidoglycan hydrolases expressed in E. coli and purified by affinity
chromatography.

1-Protein ladder from the top to the bottom 64 kDa, 50 kDa and 36 kDa.

2-Rv1477, 3-Rv1478, 4-Rv3915, 5-Rv3717, 6-Rv2190c, 7-Rv0024, 8-Rv2389c,
9-Rv1009, 10-Rv1566c.
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Figure 2. GST pull downs.

Coomassie blue stained gel of GST pull downs. Enzymes highlighted in blue are
tranglycosylases (RpfD), enzymes highlighted in red are peptidases, and enzymes in
green are amidases. The GST pull down experiments were carried out in 300 mM
NaCl, 20 mM Tris pH 8, 10% glycerol and 0.5 mM TCEP. RpfD-HisMBP was mixed
with other enzymes on a GST-affinity resin. The only sample that produced evidence

for an apparent interaction was Rv1478.
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Figure 3. Size exclusion chromatography for Rv1478 and RpfD.
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Exploratory size exclusion chromatography elution for Rv1478-RpfD complex after

TEV protease cleavage. As shown by the Coomassie blue-stained gel, RpfD His-MBP

eluted at 8.02 mL, at high molecular weight elution typical of misfolded protein. GST

dimer, uncleaved Rv1478-GST and His-MBP eluted all in a large peak at 11.31 mL.

Rv1478 by itself eluted at 13.85 mL.
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Figure 4. RpfD transmembrane helix prediction.

RpfD transmembrane helix prediction.
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The RfpD sequence was analyzed using TMHHM software. Results show a single

predicted TM helix in the amino acid sequence of RpfD.
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Figure 5. Size exclusion chromatography of RpfD.

“aa

After refolding, RpfD runs as a monomer on a size exclusion column (Superdex S75)t

in 300 mM NaCl, 20mM Tris pH8 and 10% glycerol.
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Figure 6. RpfD-Rv1478 complex investigated by size exclusion

chromatography.
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We used size exclusion chromatography to investigate the formation of a RpfD-

Rv1478 complex.
A) Elution volume for RpfD and Rv1478 alone;
B) Coomassie blue-stained gel: RpfD runs around 15 kDa and Rv 1478 around 20

kDa.
C), D) Elution volume for equimolar mixture of Rv1478 and RpfD and Coomassie
blue-stained gel. Even though it is possible to observe co-elution for both proteins,

no volume shift it is observed for the complex. The elution volumes for both

proteins are overlapped. RpfD eluted at higher molecular weight because it

probably has an elongated shape, like RpfB.
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Figure 7. Complex I: RipA-L and RpfB-S HisMBP.
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A) Lanes 1, 2, and 3 are the lysate, supernatant and pellet. Lanes 4-6 show the Ni-
affinity elution. RipA-L is mostly insoluble in the cell pellet, and only a little amount
binds to the Ni column in form of complex. In addition, gel bends for the two
proteins do not show a stoichiometric ratio.

B) Size exclusion chromatography of RipA-L and RpfB-S. The first peak at 123.83 mL
contains a protein of around 75 kDa (probably a contaminant); the second peak at

149.50mL shows two bands. The upper band is RipA-L and the lower band is RpfB-
S. The last peak 174.08 mL contains RpfB-S.
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Figure 8. RipA-RpfB complex investigated by size exclusion chromatography.
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A) Ni-affinity chromatography elution. Both proteins RipA-strep and RpfB-HisMBP
were co-isolated during the first step of the purification.
B) Size exclusion chromatography and Coomassie blue-stained gel showing the two

proteins run at different volumes and are well separated.
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Figure 9. Strategy of purification of Rv1478.
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Rv1478 was purified by affinity chromatography in 300 mM NacCl, 20 mM Tris pH 8, 0.5
mM TCEP.

a, b) GST column elution for Rv1478 with GST tag and Coomassie blue-stained gel for
the elution fractions.

c) ion exchange column profiling for Rv1478 after TEV protease cleavage

d) Coomassie blue-stained gel for flow through fractions 3-11.
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Figure 10. Crystal structure of RipB (Rv1478).

Ribbon diagram of RipB crystal structure. Catalytic Cys and His are highlighted in

spheres. The N-terminus blocks substrate access to the catalytic site.
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Figure 11. Superimposition of RipA and RipB.

RipA (gray) and RipB (purple) are similar in structure except for the N—terminus (top).
The inactivating loop is differently packed, forming a pair of helices RipB and a f-
hairpin in RipA.
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Figure 12. View of RipB surface.

Rv1478 surface showing a hole in the enzyme body, with Asn57 completely exposed.
The Asn is thought to have a role in the interaction with another protein or a signaling
molecule, switching the enzyme from the inactive to active form by a movement of the

lid (N terminus).
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2.10 Tables.

Table 1. Comparison of the number of peptidoglycan hydrolases encoded in
Mycoabaterium tuberculosis, Mycoabaterium avium, Mycoabaterium abscessus,

Mycoabaterium leprae.

M. M. M. M.
Enzymes/species

tuberculosis | Avium | Abscessus | Leprae
Amidases 4 4 4 2
Peptidases 10 9 9 6
Muramidases 8 9 7 3
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Table 2. Mycobacterium tuberculosis peptidoglycan hydrolases. Peptidoglycan

hydrolases were identified using a hidden Markov algorithm and classified by Pfam

family.
Protein Gene name PFAM Essential
name
I. N-acetylmuramyl- Rv3717 Amidase_3
L-alanine amidases [ cwiM RvV3915 Amidase_3 v
Rv3811 Amidase_2
Rv3594 Amidase_2
IL. D-ala-DAP- Rv3627c Peptidase_S13 |V
endopeptidases dacB2 Rv2911 Peptidase_S11
dacB1 Rv3330
LpgR Rv0838 Peptidase_M15
LpgF Rv3593 \
IT1. D-Glu-DAP- | RipA Rv1477 NLPC_P60 \Y
endopeptidases RipB Rv1478 NLPC_P60
Rv1566¢ NLPC_P60
Rv2190c NLPC_P60
Rv0024 NLPC_P60
IV. Glycosydases Rv1230c SLT
Rv3896¢ SLT
LpqU Rv1022 SLT
RpfA Rv0867c Transglycosylase
RpfB Rv1009
RpfC Rv1884c
RpfD Rv2389c
RpfE Rv2450c

46




Table 3. Mtb genome notation number, predicted signal peptide, clone

truncation, tag and expression vectors.

Expression

Gene Name SP Clone truncation Tag Vector
Rv0024 No 1-281 - full length GST, pDest15,
Rv1009 Yes 24-362 -no leader His pHGWA
Rv1477 Yes 41-472 - no leader GST, pDest15,
Rv1478 Yes 32-241 - no leader GST pDest15,

29-170 - no leader, no
Rv1566¢c Yes tail GST pDest15,
Rv2190c Yes 33-385 - no leader GST pDest15
Rv2389c No 1-154 full length HisMBP | pHMGWA

1-406 - full length
Rv3915 No catalytic domain GST, pDest15
Rv3717 Yes 25-241- no leader GST, pDest15
Rv3811 no 1-539 - full length GST pDest15
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Table 4. RpfB-RipA coexpression cloning combinations.

Rv1477 Rv1009
A Short-strep Short-MPB
B Short-strep Short-mOCR
C Short-strep Short-Sumo
D Short-strep Short-Thioredoxin
E Short-strep Long-MBP
F Short-strep Long-mOCR
G Short-strep Long-Sumo
H Short-strep Long-Thioredoxin
[ Long-strep Short-MPB
J Long-strep Short-mOCR
K Long-strep Short-Sumo
L Long-strep Short-Thioredoxin
M Long-strep Long-MBP
N Long-strep Long-mOCR
0 Long-strep Long-Sumo
P Long-strep Long-Thioredoxin

Polycistronic Systems with 4 possible combinations

1)RipA (43-472) - RpfB (44- 362); 2)RipA (43-472) - RpfB (194-362)
3)RipA (262-472) - RpfB (44- 362); 4)RipA (262-472) - RpfB (194-362).
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Table 5. Blast alignment for RipA catalytic domain (Sbjct) and Rv1478
(Query).

GENE ID: 886541 Rv1477 | invasion protein [Mycobacterium tuberculosis H37Rv]
(10 or fewer PubMed links)

Score = 253 bits (647), Expect = le-67, Method: Compositional matrix adjust.
Identities = 125/208 (61%), Positives = 149/208 (72%), Gaps = 0/208 (0%)

Query 34 GOWDPTLPALVSAGAPGDPLAVANASLOATAQATQTTLDLGRQFLGGLGINLGGPAASAP 93
G WDPTLP + SA PGDP+AV N L +A + Q T ++GR+FL LGI

Sbjct 265 GLWDPTLPMIPSANIPGDPIAVVNQVLGISATSAQVTANMGRKFLEQLGILOPTDTGITN 324
* kkkkkk 4 kk  kkkkpkk Kk ok 4k + 4 + f4rkkphk  kkk

Query 94 SAATTGASRIPRANARQAVEYVIRRAGSQMGVPYSWGGGSLQGPSKGVDSGANTVGFDCS 153
+ A + RIPR RQA EYVIRR SQ+GVPYSWGGG+ GPSKG+DSGA TVGFDCS
Sbjct 325 APAGSAQGRIPRVYGRQOASEYVIRRGMSQIGVPYSWGGGNAAGPSKGIDSGAGTVGFDCS 384

+ * + *kkk *kkk kkkkkk kkhkfhhkhkkkkkh4 hhkkkkfhhdkx *hkkkkkk

Query 154 GLVRYAFAGVGVLIPRFSGDQYNAGRHVPPAEAKRGDLIFYGPGGGQHVTLYLGNGQMLE 213
GLV Y+FAGVG+ +P +SG QYN GR +P ++ +RGD+IFYGP G QHVT+YLGNGQMLE

Sbjct 385 GLVLYSFAGVGIKLPHYSGSQYNLGRKIPSSQOMRRGDVIFYGPNGSQHVTIYLGNGQMLE 444
kkk kpkkkkkd 4k fhk kkk kk ok 4 fhkkphkkkkphphhkkfhkkkkkkkk

Query 214 ASGSAGKVTVSPVRKAGMTPFVTRIIEY 241

A KV V+PVR AGMTP+V R IEY
Sbjct 445 APDVGLKVRVAPVRTAGMTPYVVRYIEY 472
* *k kpkkk kkkkktk 4 kkk

49



RipB data collection

Space group

P61

Cell dimensions

a, b, c (A) 92.532,92.532, 54.064
a, B,y (°) 90,90, 120

Resolution (A) 1.642
Number of molecules in asymmetric unit | 1
Refinement

R-work 0.18
R-free 0.20

Ramachandran outliers

0% (0.2%)

Ramachandran favored

98% (98%)

Rotamer outliers

3% (1%)

C-beta outliers

Overall score

1.75
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Chapter 3

FtsX-Rv2190c complex.
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3.1 Introduction.

Understanding the fundamental mechanism of bacterial cell division is a crucial step
toward developing new antibiotics. Cell division is widely studied in E. colil. The
divisome consists of a ring-shaped, multi-protein complex in the center of the cell,
where the division process is coordinated and carried out. Many of these proteins
have been identified, but some have a redundant role in this process, making the
puzzle more complicated to understand. Recently, interactions among three
proteins-FtsE-FtsX and EnvC-at the Z ring have been defined?. FtsEX is predicted to
be a membrane protein complex between an ABC transporter (FtsX) and a
cytoplasmic ATP banding cassette (FtsE). EnvC is a protein carrying a predicted
coiled-coil domain at the N-terminus and a PG peptidase domain at C-terminus
(LytM). The activity of LytM peptidase has not been shown until now, but it has been
proven that it interacts and activates AmiA and AmiB, two amidases with PG activity

in E. coli3*.

More specifically, interactions have been mapped between the extracellular domain
of FtsX and the coiled-coil domain of LytM. The disruption of the interaction is not
tolerated by E. coli under low osmolarity conditions, while it is tolerated in presence
of 0.5% NaCl in culture media. Depletion of one or more of the three genes resulted

in long branched cells, completely formed but not separated?.

A homologous interaction has been reported in Streptococcus pneumoniae, where
FtsEX interacts with PcsBS, a predicted CHAP peptidase with a similar architecture
as LytM: a coiled-coil domain at the N-terminus and a peptidase domain at the C-
terminus. Even in S. pneumonia, the deletion of one or more of these three genes

generates division defects®.

Although E. coli and S. pneumoniae have different cell shapes and the peptidoglycan
assembly processes are slightly different, the interaction between FtsEX and a

predicted peptidase is conserved between the two different species. Assuming this
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interaction is conserved in other bacteria, this mechanism of regulation becomes of

fundamental importance in PG degradation.

In the literature, very little is reported about the FtsE-FtsX system, and most of the
studies have been performed in E. coli®78. In particular, the role of FtsEX as an ABC
transporter in the early or late assembly of the Z ring has been investigated®. While
the lack of ATP binding to FtsE in the cytoplasm allowed Z ring assembly, it did not
allow cells to separate, generating filaments of cells. It appears that the complex is
not involved in Z ring assembly, but most likely it seems to be involved with septal
ring constriction for divisome proteins. On the other hand, FtsX localizes in absence
of FtsE, driving septal constriction of other proteins. These data support the
hypothesis that FtsX is more important than FtsE at the septal ring, and ATP
hydrolysis might be associated with the propagation through the membrane of a
conformational change that stabilizes the dimerization of FtsX”8. These
experimental data seem to exclude the possibility that FtsX could be an ABC

transporter, since it is involved in septal constriction.

The latest data on FtsX and peptidases involved in PG hydrolysis raise a very
intriguing hypothesis for the role of FtsEX complex. More specifically, the hypothesis
is that hydrolysis of ATP in the cytoplasm drives a conformational change in the
periplasm that switch hydrolases from an inactive to an active conformation,

controlling PG degradation?.

In Mycobacterium tuberculosis, both FtsE and FtsX are conserved and both are
essential proteins!®. Assembly of a Mtb FtsEX complex has been shown in E. coli
cells. The E. coli FtsEX has been deleted and substituted by Mt-FtsEX. The Mtb
complex assembles perfectly well in the different organism and it can completely
perform the original function. In addition, the Walker motif for ATP binding in FtsX

is completely conserved between E. coli and Mtb11.
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In this chapter, [ investigated a possible interaction between FtsX and PG peptidases
in Mtb. Mycobacterium tuberculosis does not encode a homolog of Env(C, but instead
encodes five secreted CHAP like peptidases predicted to be related to PG
degradation. Only two, among five peptidases however, encode the predicted coiled
coil at the N-terminus that might interact with the extracellular domain of FtsX. We
identified an interaction between Rv2190c and FtsX in vitro, partially mapped the
region of interaction, studied the assembly reaction and determined the
stoichiometry of the complex. Our efforts are focused on determining the structure
of the FtsX-Rv2190c complex to elucidate the mechanism of interaction and

regulation for the two proteins.
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3.2 Results.

Mtb encodes 5 NIpC/P60 proteins containing a CHAP-like peptidase domain-
Rv0024, Rv1477 (RipA), Rv1478 (RipB), Rv1566¢c and Rv2190c!?. RipA is the only
essential gene of the family, while all the other members might have a certain
redundancy. Little is known about the function and the role of all five genes in Mtb
and in mycobacteria, since all of them are conserved in the genus (Figure 1). Four of
these proteins is that they have the catalytic domain at the C-terminus of the
sequence, except for Rv1566c, which shows the catalytic domain at the N-terminus.
In addition, Rv1566c is predicted to be a non-functioning enzyme, since the catalytic
site Cys is replaced by Ala. Only two of the NIpC/P60 proteins have an additional
domain of unknown function at the N-terminus. These two proteins are RipA and

Rv2190c.

FtsX in Streptococcus pneumonia interacts with the N-terminal domain of a CHAP
peptidase>. Therefore, to explore the possibility that FtsX shows the same
interaction in Mtb, we tested the FtsX extracellular domain for interaction with the

two long homologs of NIpC/P60 in Mtb.

To test the FtsX-RipA and FtsX-Rv2190c interactions, we used two biochemical
assays: native gel electrophoresis shift and gel filtration volume shift. Purified RipA
and Rv2190c were separated on native gel individually and after incubation with
FtsX. Only Rv2190c in presence of FtsX caused a gel shift, indicating an interaction
between these two proteins. To the contrary, RipA did not show a shift after

incubation with FtsX (Figure2).

In order to confirm the interaction between FtsX with Rv2190c and to investigate
the stoichiometry of the complex, we used size exclusion chromatography. The two
proteins Rv2190c and FtsX were incubated alone or in combination in a molar

excess of FtsX on ice for 30 minute (100 mM NaCl, 20 mM Tris pH 8, 5% glycerol)
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and injected for a size exclusion separation. While Rv2190c alone eluted as dimer at
14.68 ml on an analytical S200 column, the mixture of Rv2190c and FtsX co-eluted
in a peak at 14.05 ml corresponding to a molecular weight of about 90 kDa,
confirming the interaction between the two proteins. An additional small peak at

17.12 ml contained the excess of FtsX used for the reaction (figure 3 and 4).

From the elution data, we can infer that Rv2190c is as a dimer in solution (14.68mL
corresponding to a molecular weight of 70 kDa) and FtsX is as a monomer. Once
mixed, however, the stoichiometry of the complex becomes 2:2, as shown by the

complex elution peak.|

To confirm the hypothesis that FtsX interacts only with the N-terminus of Rv2190c,
as reported for the E. coli and S. pneumoniae proteins?®5, we cloned and purified a
truncated form of Rv2190c containing only the N-terminus of the protein and tested
it for the interaction on the analytical S200 size exclusion column (Figure 5). Even in
this case, as for full length Rv2190c, the two proteins co-eluted at 14.64 ml,
corresponding to a molecular weight of 70 kDa and confirming also in this case the
stoichiometry of the complex as a hetero-tetramer.

Although these data already mapped the interaction of FtsX with the N terminus of
Rv2190c, the same experiment was carried out using the C terminus of Rv2190c
(data not shown), with negative results. The same approach using size exclusion
chromatography was used to confirm the negative preliminary results for RipA and
FtsX. We mixed a molar excess of FtsX with RipA for 30 min on ice (100mM NaCl, 20
mM Tris pH 8, 5% glycerol) and injected to an analytical size exclusion column (data
not shown). The elution profile showed two different peaks for RipA and FtsX,

confirming our preliminary negative results.

3.3 Limited proteolysis of the complex Rv2190c and FtsX.
In order to test the local structural stability of the individual proteins and detect a

conformational change due to the formation of the complex between Rv2190c and
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FtsX, we performed limited proteolysis with different proteases. A concentration of
1mg/ml of Rv2190c, FtsX and complex Rv2190c-FtsX were mixed with trypsind at
1000:1, and the degradation reactions were followed using time points from 0 to 4
hours. Limited proteolysis time course results showed a different profile for
Rv2190c alone compared to the complex with FtsX (Figure 6). More specifically
after four hours, Rv2190c was completely degraded and the denaturing gel showed
a main stable band at 25 kDa. Rv2190c in presence of FtsX showed instead a doublet
of 2 bands around 18 kDa and the original FtsX band at 15 kDa, which was stablized

in the presence of protease.

Limited proteolysis using trypsin in a 500:1 ratio gave the same results, confirming
two different stable cores for Rv2190c and Rv2190c-FtsX (Figure 6). These data
suggest conformational changes for Rv2190c in complex with FtsX. In contrast, the
FtsX is equally stable over time in the presence and absence of Rv2190c. After that,
we studied the proteolysis time course reaction for FtsX, using trypsin and
thermolysin in a 5:1 ratio of protein:protease (Figure 7). A Coomassie-stained gel
bands showed two different profiles of degradation for FtsX. The different profiles
were due to the two different proteases used and some uncleaved FtsX, even after 4
hours of incubation with high ratio of protease. These results confirm that FtsX

probably has a stable protein core that is completely folded.

We cut out gel bands corresponding to proteolysis products at 4 hours, further
digested with trypsin, and analyzed peptides by LC-MS/MS. We used the collection
of peptides detected by mass spectrometry to infer the conformational changes in
Rv2190c in the presence of FtsX and, more importantly, to map the domains of

interaction of the two proteins (Table 1).

Rv2190c was subjected to protease cleavages at the N terminus, (peptides mapped
to the sequence from 100 to the end). In contrast, Rv2190c in complex with FtsX
showed a different profile, with the greatest protection of amino acids 10-180. Our

limited proteolysis results show that Rv2190c interacts with FtsX at the N-terminus,
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making the C-terminus of the protein sensitive to protease cleavages. To the
contrary, Rv2190c alone is well packed at the C-terminus and the N-terminus is

sensitive to proteolysis.

3.4 Rv2190c crystallization.

Rv2190c N-terminus, Rv2190c C-terminus, full-length Rv2190c, FtsX and the
Rv2190c-FtsX complex were tested for crystallization by hanging drop vapor
diffusion. About 1000 different conditions were tested for each protein and for the
complex. The Rv2190c C-terminus at concentrations between 12 mg/mL and 24
mg/mL failed to crystallize. The Rv2190c N-terminus that was not stable at room
temperature during the purification was set up for crystallization at 4 °C, but failed
to crystallize as well. Rv2190c at a concentration of 12 mg/mL set up for
crystallization at 18 °C showed rapid, heavy, irreversible precipitation with no
possibility of crystallization. The latest results are wunusual, because the
crystallization drops did not show uniform precipitation, suggesting intrinsic
protein instability in solution and/or polydispersity. To test the status of the protein
in solution and to investigate a possible condition where Rv2190c is monodisperse,
we incubated the protein overnight in 24 different conditions plus or minus 100 mM
salt and 5% glycerol for a range of pH starting from 3.5 up to 10. All the drops were
analyzed by dynamic light scattering (DLS)'2. None of the 48 conditions analyzed
produced monodisperse Rv2190c. Due to the negative DLS results and heavy
precipitate in the crystallization drops, we hypothesized that Rv2190c might have a

mobile domain interchanging between different conformations.

3.5 Rv2190c-FtsX crystallization.

We mixed a purified Rv2190c with an excess of FtsX for a further separation on the

analytical size exclusion S200. Pooling only the fractions where both proteins
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showed a 1:1 ratio on SDS polyacrylamide gel electrophoresis (PAGE), we
concentrated the complex to 10mg/mL, and tested for crystallization in almost 500
conditions. After 8 hours almost 50% of the conditions showed a precipitate and 8
conditions showed crystals. All the conditions generating crystals were around pH 8
and all contained PEG 8000 at different concentrations. The crystals were easily

reproducible.

The best crystals were harvested, frozen in liquid nitrogen, and diffraction images
were collected at beamline 8.3.1 at the Advanced Light Source!3. The crystals
diffracted poorly, giving reflections to only 20-30 A resolution. This diffraction
pattern is typical of big unit cells, containing a lot of solvent. To improve the
diffraction pattern, we tried to dehydrate crystals to reduce the unit cell dimensions
and improve packing. This procedure was unsuccessfull415. Next we tried to treat
the complex with a protease directly in the crystallization drop to remove a possible
flexible domain. This procedure improved the resolution of the diffraction pattern to
8 A. ThisWe tested also for crystallization the complex of the N terminus of Rv2190c

and FtsX, but no crystals were observed.
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3.6 Discussion.

The activation of PG hydrolysis is highly regulated to reduce toxicity in bacteria. It
has been shown in E. coli and S. pneumonia that ATP hydrolysis in the cytoplasm is
directly related to the hydrolysis of peptidoglycan in the periplasm2>. This
mechanism has been investigated for the FtsEX complex, EnvC and PcsB,

respectively, in E. coli and S. pneumonia?>.

Here, we report an analogous interaction in mycobacteria. Mycobacterium
tuberculosis encodes two NIpC/P60 proteins containing a large N-terminal domain,
predicted to form a coiled coil. One of these two proteins, RipA, is essential, but the
other one, Rv2190c, is not. Recently, the role of Rv2190c has been investigated for
cell growth and infection!®. Even if Rv2190c is a not an essential protein in Mtb, the
lack of this gene reduced cell-wall integrity. The defects showed by the Rv2190c M.
tuberculosis mutant were not related to septation, but to cell wall integrity. The cells
exhibited altered PDIM secretion and an increased susceptibility to lysozymes!’.
During infection, the lack of Rv2190c caused attenuated growth in the lung but not
in the spleen. The insertion of the only catalytic domain of Rv2190c did not support
normal growth. These results highlight that the missing part of the protein (the N-
terminus) might play a key role in regulation. Moreover, this study shows Rv2190c
is expressed during cell growth in vitro and during infection in vivo, and the lack of
this gene weakens cell-wall integrity. A different study in C. glutamicum and Mtb

showed FtsEX was involved in cell wall defects under ethambutol stress 18.

In literature, the role of FtsEX as ABC transporter is controversial. Based on the
aminoacid sequence, it is unlikely that FtsX can be an ABC transporter where the
ATP hydrolysis controls the transport across the membrane. Usually ABC
transporters encode 7 or 8 trans-membrane helixes and the process of dimerization
allows the formation of large channels able to transport large molecule across the
membrane. In the case of FtsX, it would be only a small ABC transporter since it

encodes only 4 trans-membrane domains and a large extracellular domain, with the
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consequent impossibility to transport large molecules. Moreover, the lack of any
charged amino-acids in the sequence of trans-membrane helixes restricts the range
of molecules that can be transported to only hydrophobic molecules.

FtsX in Mycobacteria encodes an additional motif conserved only in mycobacteria
and corynebacteria (G+C rich bacteria) in the large extracellular domain with two
Cys distant one from the other only five amino acids CXXXXC. We investigated by
biochemical methods whether or not Cys might coordinate a metal like zinc or be
involved in intra or intermolecular disulphide bridges, with negative results. The
role of the two Cys is still unknown and very intriguing since it is conserved only in

GC rich bacteria?®.

In this work we proved the same interaction in vitro for Mtb similar to what has
been already observed for E coli and S. pneumonia. We show FtsX interacts with
R2190c but not with RipA probably because the two proteins are related to different
pathways in the synthesis and degradation of peptidoglycan in mycobacteria.

Our studies in vitro explored the mechanism of assembling for the complex and we
established the stoichiometry of the membrane complex. We proved with
biochemical method that Rv2190c is a dimer in solution and that monomeric FtsX
dimerizes in presence of Rv2190c. The stoichiometry ratio is very important to
understand how the complex works. The hypothesis proposed in the published
work was that ATP binds to FtsE and the hydrolysis might allow FtsX dimerization
or communicate a conformational change to the periplasm. Our results exclude the
possibility ATP plays a role in FtsX dimerization. Also, based on our limited
proteolysis results, we can state the interaction between FtsX and Rv2190c is
already enough to establish conformational change on Rv2190c, even though we
haven’t investigated yet the capability of Rv2190c-FtsX to hydrolase PG.

More specifically Rv2190c C terminus is resistant to proteases cleavages, probably
due to a very well packed catalytic domain, instead the FtsX complex stabilizes and
protects the N terminus of Rv2190c making its catalytic domain completely
exposed. Our results go towards the assumption that the dimerization condition of

Rv2190c in solution is the way to keep the catalytic domain in an inactive state. We
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have already seen how RipAZ2! and RipB block the access of substrate to the catalytic
site with the auto-inhibited folding. Under the interaction with FtsX a big
conformational change is observed by limited proteolysis since the protected
folding region is completely inverted.

Taken together, limited proteolysis data and complex assembling, might have a role

on the activation of Rv2190c due the conformational changes.

Therefore, our results exclude the possibility ATP plays a role in FtsX dimerization
and propagation of conformational changes through the membrane. Within the
hypothesis formulated until now, regarding FtsEX complex, our results leave open
the possibility that the hydrolysis of ATP might help FtsEX stabilization or proteins
constriction at the septum.

It can be also possible that ATP hydrolysis might stress the conformational changes
we already observed for Rv2190c. However, we cannot exclude a possible role of
ATP in Rv2190c catalytic activation, since we have not tested yet Rv2190c - FtsX

complex activity on PG.

In conclusion, our data are very critical to elucidate the mechanism of interaction in
vitro between FtsX and Rv2190c. Both proteins are related to cell wall integrity and
osmotic stress in Mth, and probably constitute a fundamental pathway highly
conserved. Solving the structure of the complex or even only of FtsX can be of

crucial importance to understand function and role of these proteins.
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3.7 Materials and Methods.

FtsX extracellular domain cloning expression and purification.

Oligonucleotide primers were designed to amplify nucleotide sequence
corresponding to the Rv3101c extracellular domain by PCR using H37Rv genomic
DNA. Primer sequences contained the insertion site for the TOPO TEV vector. The
PCR product was cloned in an expression vector (pHMGWA Gateway) carrying a
TEV cleavable N-terminal HisMBP tag. The positive plasmid was transformed into

the RosettaZ2(DE3)pLysS expression system.

Cells were grown at 37 °C until OD 0.6 was reached, then cultures were induced
with 1mM IPTG at 18 °C and left overnight for protein expression. The pellet was
resuspended in Buffer A (300 mM NacCl, 20 mM Tris pH 8, 20 mM imidazole, 10%
glycerol, 0.5 mM TCEP) containing protease inhibitors. The pellet was sonicated and
the lysate was centrifuged at 18000 rpm for 1 hour. FtsX-HisMBP was separated by
affinity chromatography a Ni-affinity column. The column was washed with 10
volumes of Buffer A. The protein was eluted with Buffer B (300 mM NacCl, 20 mM
Tris pH 8, 0.5 mM TCEP, 300 mM imidazole, 10% glycerol). TEV protease was
added, and the protein was dialyzed against buffer A overnight to remove excess
imidazole. The product of TEV cleavage was further purified by an additional affinity
chromatography step using a Ni-affinity column to remove the HisMBP and TEV
protease. The flow-through containing the protein of interest was concentrated and
injected for a further purification step by size exclusion chromatography. The
elution profile showed a large peak corresponding to molecular weight 15 kDa. The
protein was flash frozen in liquid nitrogen and stored at -80 °C for further

experiments.

Native gel shift.
Protein binding reactions were carried out 100mM NaCl, 20 mM Tris pH 8, 5%
glycerol. Equimolar amounts of Rv1477 and Rv2190c were incubated in presence or

absence of FtsX for 45min on ice. Reactions were separated by native gel
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electrophoresis in native gel buffer (0.025 M Tris, 0.192 M glycine, pH 8.5) at 4 °C
(60V) for 3 hours using the BioRad 4-20% Tris-Glycine gel system. Gel shifts were

analyzed by Coomassie blue stain.

Limited proteolysis.

Limited proteolysis reactions were carried out in 150 mM NaCl, 20 mM Tris pH 8.0,
5% glycerol. For binding reactions, Rv2190c and FtsX were first mixed at equimolar
ratio for 15 minutes at room temperature. FtsX, Rv2190c and Rv2190c-FtsX
complex were mixed with trypsin at a mass ratio of 1:1000 and 1:500 at 4 °C. A
volume of 10 uL for each time point corresponding to input, 0 min, 5 min, 10 min, 30
min, 1 hour, 2 hours and 4 hours were stopped adding 1 uL of 1% TFA and 5 uL
SDS-PAGE loading buffer. Protein fragments were separated by gel electrophoresis
using the BioRad 4-20% Tris-Glycine gel system and stained by Coomassie blue.
Two additional limited proteolysis reactions were carried out for FtsX alone using

trypsin and thermolysin at a mass ratio of 1:10.

Crystallization.

The Rv2190c-FtsX complex purified by size exclusion chromatography and
concentrated to 10 mg/mL was screened for crystallization using 5x96
commercially available conditions in a 1:1 protein:reservoir ratio. After 8 hours
crystals appeared in 8 different conditions. The best crystals grew in 0.2 M Na(Cl,
Tris pH 7.8 and 20% PEG 8000. The drop was scaled up and the crystals were easily
reproduced. The same kind of crystal was optimized for better diffraction.
Dehydration was carried out in the same crystallization condition using 25% and
30% PEG 8000. Crystals were also optimized using proteases in the crystallization
drop. At a mass ratio of 1:10000 and 1:20000, trypsin and chymotrypsin were
mixed in a volume 1:0.5:0.5 uL protein:reservoir:protease solution to allow a better

crystal packing.
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3.8 Figures.

Figure 1. NLPC/P60 family in Mycobacterium tuberculosis.
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Schematic view of all five NIpC/P60 proteins in Mtb showing the domains encoded

in these proteins.

67



Figure 2. Native gel for FtsX, RipA, and Rv2190c.

RipA + - - + -
Rv2190c - + - - +
FtsX - - + + +

Native gel showing a migration shift for Rv2190c and FtsX bands. The same shift is

not observed For RipA and FtsX, excluding any possible interaction between them.
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Figure 3. Analytical size exclusion chromatography for Rv2190c and Rv2190c-
FtsX complex.
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A) Analytical size exclusion chromatography for Rv2190c. Rv2190c elutes at 14.68

ml and it is a dimer in solution. B) Analytical size exclusion chromatography for

Rv2190c - FtsX. The complex elutes at 14.05 ml as a dimer of dimers.
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Figure 4. Analytical size exclusion for FtsX.
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Figure 4. Analytical size exclusion for FtsX. FtsX is a monomer in solution and

elutes at a volume of 17.0 ml.
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Figure 5. Analytical size exclusion chromatography for FtsX and Rv2190c N-
terminus.
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The complex runs at an apparent molecular weight of 70 kDa (14.74 ml) as a hetero-

tetramer. Coomassie stained gel shows an equimolar ratio for both protein bands.
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Figure 6. Limited proteolysis for Rv2190c, FtsX, and Rv2190c-FtsX complex.
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Limited proteolysis using a mass ratio of 1:1000 and 1:500. Rv2190c alone and
Rv2190c-FtsX complex show different profiles of proteolysis. FtsX alone is very

stable to proteolysis.
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Figure 7. Limited proteolysis on FtsX using a large amount of protease.

FtsX Thermolysin 1:5

FtsX Trypsin 1:5
Im o 5 1030 1h 2h 4h

0 5 10 30 1h 2h 4h
Thermolysin
€=

Im
3 B >
135 : -—-..._____'Igzpsin 15 : o — — —
TS - 3 FisX
-4 41

Even when using a large amount of protease, FtsX is a highly resistant to

degradation.
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3.9 Tables.

Table 1. MS/MS results on limited proteolysis bands for Rv2190c and Rv2190-

FtsX complex.

10
DPADDALAKL

70
TFQTAVNKVA

130
OAVKAEQAAA

20
NELSRQAEQT

80
AATYMGGRTH

140
KSAADARSAA

30
TEALHSAQLD

90
GMDAILTAES

150
EQAAAVRANL

40
LNEKLAAQRA

100
PQLLIDRLSV

160
OHKQSQLQVQ

50
ADQKLADNRT

110
QRVMAHQMST

60
ALDAARARLA

120
OMARFKAA3GE

170
TAVVKSQYVA

180
LTPEERTALA

190
DPGPVPAVAA

200
IAPGAPPAAL

210
PPGAPPGDGP

220
APGVAPPPGG

230
MPGLPFVQPD

240
GAGGDRTAVV

250
QOAALTQVGAP

260
YAWGGAAPGG

270
FDCSGLVMWA

280
FOOAGIALPH

290
SSQALAHGGQ

300
PVALSDLOPG

310
DVLTFYSDAS

320
HAGIYIGDGL

330
MVHSSTYGVP

340
VRVVPMDSSG

PIYDARRY.

Rv2190c amino acid sequence. The blue sequences represent the peptides detected
by LC-MS/MS for the Rv2190c-FtsX complex. The underlined sequence represents
peptides detected by LC-MS/MS for Rv2190c alone. In red is highlighted the
catalytic Cys.
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Chapter 4

RpfE crystal structure reveals a positively charged catalytic cleft.
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4.1 Introduction.

Before the discovery of resuscitation promoting factor (Rpf) proteins, the
mechanism by which bacteria are able to switch from dormancy to vegetative
growth was unknown. Many pathogens, including Mycobacterium tuberculosis, lar
can enter in a reversible dormant state with a low metabolic activity for an
extended period of time until the environmental condition changes to favor growth.
In 1998, Rpfs were discovered in Mycrococcus luteus and associated to the ability of
bacteria to exit from dormancy!2. Indeed Rpf proteins added to dormant cultures
were able to stimulate growth. Their activity is related to degradation of the

bacterial cell wall3.

Mycobacteium tuberculosis encodes five resuscitation promoting factor proteins,
RpfA-E. In Mtb, no member of this family is an essential protein. Deletion of each
single gene did not produce any differences in the mycobacterial cells, leading to the
suggestion of redundancy among these proteins. However, combined deletions of at
least three Rpf genes exhibited growth defects in vitro, showing a discrete function
of Rpfs in Mth. Moreover, the RpfB deletion mutant failed to resuscitate in mice,
while RpfE was found to play an important role in switching mycobacterial cultures
from slow to fast growth. These results rank RpfB and RpfE as the most important

Rpfs4567,

Even though none of these proteins seems essential for growth in vitro, RpfB
performs a very important function in infection. The Rpf family is thought to
promote resuscitation of dormant cells by hydrolyzing peptidoglycan to release an
active fragment. This fragment signals to the extracellular domain of PknB, which
signals the transition from dormancy to vegetative growth®°. In Mth, Rubin and
coworkers1011 reported the interaction between RpfB-E and RipA, a peptidase that
cleaves the bond between D-Ala-DAP in peptidoglycan. The fragments released by

RpfE-B and RipA cleavage are most likely the candidate signals for cell reactivation.
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RpfE is a secreted protein that encodes only the catalytic domain and a low
complexity region at the N terminus. In this chapter, we describe the investigation
performed for the interaction between RpfE and RipA in vitro, with the same
approaches we used to test for the interaction between RipA and RpfB. We solved
the structure of RpfE at 2.76-A resolution after spending a long time troubleshooting
the crystallization. The structure showed that RpfE and RpfB differ in the charge of
the active site, with RpfE containing many more basic residues that likely contribute

to the specificity of substrate recognition.
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4.2 RpfE and RipA interaction.

Given our negative results for the interaction between RipA and RpfB, we pursued
our goal to activate RipA by protein-protein interaction. Rubin and coworkers
reported not only the interaction of RipA with RpfB, but also with RpfE. Both RpfB
and RpfE were reported to interact with the C-terminus of RipA. Using the yeast

two-hydrid method, the interaction was mapped to the last 20 amino acids of RipA.

To reconstitute this interaction in vitro, we cloned the RipAgze3.472 C-terminal
catalytic domain (the same truncation we used to test for the interaction with RpfB)
in a polcistronic plasmid 2E with RipA carrying a strep tag and a combination of 4
different tags for RpfE (His-MBP, His-Sumo, HisTrx, His-mOCR). All 4 polycistronic
plasmids carrying truncations of RipA and RpfE did not produce any colonies, even
after two days of incubation at 37 °C. We don’t know the reason that colonies did not
grow, but these plasmids clearly carried combinations of genes that are toxic for E

coli.

To produce the proteins for interaction studies, we expressed and purified RipA and
RpfE separately. We tested the interaction by native electrophoresis gel shift (data
not shown) and by size exclusion chromatography. A molar excess of RipA was
mixed with RpfE and incubated on ice for 30 min. The elution chromatogram of the
size exclusion column showed two separated peaks with negative results for

interaction (Figure 1).

4.3 RpfE structure.

To characterize RpfE, we expressed the catalytic domain using a HisMBP-tag fusion
in Escherichia coli. Based on a sequence alignment of mycobacterial resuscitation
promoting factors, RpfE conserves the two Cys residues that form a disulphide bond

in RpfB. Thus, RpfE likely conserves the disulphide bond. To produce the disulphide
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bond, we added a step to the purification to oxidize the two Cys using a mixture of

10:1 of reduced to oxidized glutathionel?.

Once purified (in 0.1M NacCl, 20 mM Tris pH 8, 5% glycerol), the protein crystallized
in almost 80% of more than 500 conditions screened. The crystals grew as tiny
needles. To improve the RpfE crystals, we changed the amount of salt!3 in the
protein buffer from 0.1 M NaCl to 0.3 M NaCl. This change decreased sharply the
number of conditions with crystals, but the crystals were still small. Different pHs
for crystallization were also tested without any improvement!4. We harvested the
best looking and biggest needles and found one crystal that diffracted to 2.76-A
resolution in a condition containing PEG 3350 and a mixture of small molecules at

pH 6.5.

The structure was determined using molecular replacement with RpfB as a search
model. Six RpfE molecules were packed in the asymmetric unit (Figure 2). The
protein fold contains 6 alpha helixes connected by loops of various lengths and a

disulphide bond between Cys 107 and Cys 168 (Figure 3).

Overall RpfE conserves the predicted catalytic glutamate (Glu108) and the catalytic
cleft typical of lysozymes. As reported for the RpfB structure!> (PDB ID 3EO5), the
Asp involved in lysozyme catalysis is replaced by a Tyr (Figure 3). The lack of the
Asp in the catalytic cleft is probably responsible of different mechanism of cleavage

of the beta-1,4-glycosidic bond, classifying the enzyme as a lytic tranglycosylase.

4.4 Comparison between RpfB and RpfE.

Based on Blast alighments among resuscitation promoting factors in Mtb, we
observed high conservation in the catalytic domain, with 67% sequence identity
between RpfE, RpfB, and RpfC; 64% sequence identity between RpfE and RpfA, and
61% between RpfE and rpfD16. Even though RpfB and RpfE show 67% sequence
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identity and the two structures superimpose closely, the RpfE sequence contains
many more Arg residues. This difference in the amino-acid sequence composition
makes the RpfE catalytic domain a basic protein, compared to the RpfB catalytic
domain that instead shows a pl around 5.5. This difference between the two
proteins does not cause large differences in structure (Figure 4), but instead reveals
a dramatic difference in the charge state of protein surface on the side
accommodating the catalytic cleft (Figure 5). While RpfB presents negatively
charged surface patches around the catalytic cleft, RpfE instead shows a positively
charged catalytic cleft. The charge differences also occur on the surface surrounding

the cleft.
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4.5 Discussion.

The unique role of each Rpf protein has not been fully elucidated yet. Among the five
Rpf proteins in Mtb, the tranglycosylase domain is highly conserved, but the
additional domains are predicted to have different functions. RpfB, for example,
encodes a domain of unknown function and a G5 domain probably involved in N-
acetyl-glucosamine recognition. RpfE and RpfA encode long Pro-rich regions at the
N-terminus and the C-terminus, respectively!’. Even though Rpf functions may have
a certain redundancy, they also have distinct roles in resuscitating mycobacterial

cells in infected mice and in mycobacterial growth in vitrol8.

Nevertheless, the RpfE crystal structure is very similar to the catalytic domain of
RpfB. The structures, however, reveal a dramatic difference in charges on the
surface of catalytic cleft. The RpfE catalytic cleft is basic at neutral pH, while the cleft
of RpfB is acidic. The different charge states in the catalytic cleft denote differences
in substrate binding war the pH optima of catalysis. Glycan strands in peptidoglycan
are conserved among bacteria. In mycobacteria, however, the NAM is sometimes
modified with a N-glycolyl instead of N-acetyl'®. The positively charged pocket of
RpfE might better accommodate the hydroxyl group.We cannot exclude also that
RpfE binds glycan strands with a different saccharide stereochemistry or show a
different pH dependence of hydrolysis. The charge differences extend to the surface
of the side that accommodates the catalytic cleft, supporting the idea that they

interact with different PG structures.

The RpfE structure shows how a few changes in the amino-acid sequence can
become a crucial difference for substrate binding, catalytic activity or potential
protein-protein interactions. Our structure reveals the first evidence that these two
enzymes may act on different substrates. The Rpf family has a role in resuscitating
dormant mycobacteria by releasing a fragment of peptidoglycan, which signals the

reactivation of metabolism. The difference in the fragment released might
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discriminate between pathways of resuscitation or signal an improvement in the

rate of growth’.
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4.6 Material and Methods.

RpfE (Rv2450c) cloning, expression, purification, crystallization and structure
determination. Oligonucleotide primers were designed to amplify nucleotide
sequence corresponding to the RpfE catalytic domain by PCR using H37Rv genomic
DNA. Primer sequences contain the insertion for TEV cleavage. The PCR product
was cloned in an expression vector (2ZMT vector http://www.addgene.org.)
carrying a TEV protease cleavage site and N-terminal HisMBP tag. The positive

plasmid was transformed into the Rosetta2(DE3)pLysS expression system.

Cells were grown at 37 °C until ODsoo 0.6 was reached, and cultures were induced
with 1mM IPTG at 16 °C and shaken overnight for protein expression. The pellet was
resuspended in Buffer A (300 mM NacCl, 20 mM imidazole, 20 mM Tris pH 8, 10%
glycerol, 0.5 mM TCEP), containing protease inhibitor cocktails. The pellet was
sonicated and the lysate centrifuged at 18000 rpm for 1 hour. Supernatant was
loaded onto a Ni-affinity column and washed with 10 volumes of Buffer A. Protein
was eluted with Buffer B (300 mM NaCl, 20 mM Tris pH 8, 0.5 mM TCEP, 300 mM
imidazole). TEV protease was added, and the protein was dialyzed against buffer A
overnight to remove the excess of imidazole. In the same dialysis buffer, a 1:10 ratio
of reduced glutathione versus oxidized glutathione was added to promote Cys

oxidation to disulphide bonds.

The reaction mixture was purified using an additional affinity chromatography step
on a Ni column to remove the tag and TEV protease. The flow through was
concentrated and further purified on a preparative Superdex S75 size exclusion
column. Elution fractions were collected and investigated by Coomassie blue-
stained SDS PAGE. The fractions containing RpfE were concentrated to 12mg/ml,

and the protein was screened for crystallization by hanging drop vapor diffusion.

Many different crystals generated in different conditions were screened for

diffraction. Diffraction data were collected at the Lawrence Berkeley National
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Laboratory Advanced Light Source Beamline 8.3.120. The PHENIX?! software suite
was used for model building by molecular replacement using the RpfB homolog
(3EO5 in Protein Data Bank (PDB)) as the search model. Cycles of refinement were
performed by with PHENIX. Images and structural alignments were generated using

Chimera software?2,
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4.7 Figures

Figure 1. Analytical size exclusion of RpfE and RipA.
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A) Analytical Superdex S75 size exclusion elution profile. The two proteins eluted in
two separate peaks. B) Coomassie blue-stained gel with fractions 6-10 shows RipA
eluted in the first three fractions and RpfE in the last two. The two proteins do not
show any size exclusion shift, rejecting the hypothesis of interaction under these

conditions.
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Figure 2. Six RpfE molecules in the asymmetric unit.

The crystals had the symmetry of space group P2:2,121 with 6 molecules packed in
the asymmetric unit. In this view, the main helix is displayed as a pipe to better

elucidate the orientation of each molecule.
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Figure 3. Structure of RpfE.

Ribbon diagram of RpfE colored from blue to red from the N-terminus to the C-
terminus. The catalytic glutamate and the disulphide bond are highlighted. The
RpfE structure is similar to a small lysozyme, but it is classified as a lytic
transglycosylase because of the presence of a tyrosine in the catalytic cleft. Instead,
in lysozyme, the same position is occupied by an aspartate involved in catalyzing

the reaction.
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Figure 4. Comparison between RpfE and RpfB.

Superimposition of ribbon representation of RpfB (gray) and RpfE (blue).

90



Figure 5. Surface comparison between RpfE and RpfB.

RpfE and RpfB present a catalytic cleft with different charge states. The difference in
surface potential is also conserved on the surface around the catalytic cleft. Blue and

red shading start at + and -5 kT, respectively.
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4.8 Tables.

Table 1.

RpfE Data collection

Space group P2,

Cell dimensions ab,c (A) 34.54,84.004, 76.628
o, B,y (%) 90,103.528,90

Resolution (A) 2.76

Number of molecules in asymmetric unit | 6

Refinement

R-work 0.2374
R-free 0.2882
Ramachandran outliers 0.5% (0.2%)
Ramachandran favored 96.6% (98%)
Rotamer outliers 5% (1%)
C-beta outliers 0

Overall score 2.47
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