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Abstract

Proteins with LytM (Peptidase_M23) domains are broadly distributed in bacteria and have been
implicated in a variety of important processes, including cell division and cell-shape
determination. Most LytM-like proteins that have been structurally and/or biochemically
characterized are metallo-endopeptidases that cleave crosslinks in the peptidoglycan (PG) cell wall
matrix. Notable exceptions are the Escherichia coli cell division proteins EnvC and NIpD. These
LytM factors are not hydrolases themselves, but instead serve as activators that stimulate PG
cleavage by target enzymes called amidases to promote cell separation. Here we report the
structure of the LytM domain from EnvC, the first structure of a LytM factor implicated in the
regulation of PG hydrolysis. As expected, the fold is highly similar to that of other LytM proteins.
However, consistent with its role as a regulator, the active site region is degenerate and lacks a
catalytic metal ion. Importantly, genetic analysis indicates that residues in and around this
degenerate active site are critical for amidase activation in vivo and in vitro. Thus, in the
regulatory LytM factors, the apparent substrate binding pocket conserved in active metallo-
endopeptidases has been adapted to control PG hydrolysis by another set of enzymes.
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INTRODUCTION

Most bacteria surround themselves with a polysaccharide cell wall matrix called
peptidoglycan (PG). This meshwork is essential for cellular integrity and is composed of
glycan strands connected to one another by crosslinks between attached peptides (Typas et
al., 2012). New PG material is synthesized by the high molecular weight penicillin-binding
proteins (HMW-PBPs) (Typas et al., 2012). However, because the PG layer is a continuous
molecule, enzymes that cleave bonds in the PG network, referred to as PG hydrolases or
autolysins, are also required for the expansion and division of the matrix (Uehara and
Bernhardt, 2011; Hashimoto et al., 2012; Typas et al., 2012; Singh et al., 2012).

Over the years, an incredibly diverse collection of enzymes with PG hydrolase activity have
been identified. Every glycosidic or amide linkage in PG is a substrate for cleavage, and at
least one, but often several distinct families of enzymes, are known to target individual
bonds (Firczuk and Bochtler, 2007; Vollmer et al., 2008; van Heijenoort, 2011). Moreover,
most bacterial genomes appear to encode a large number of different PG hydrolases. For
example, the model gram-negative bacterium Escherichia coli encodes over 35 known or
predicted PG hydrolases belonging to 12 different families (van Heijenoort, 2011).
Importantly, however, our studies of the LytM-domain proteins in this organism indicate
that at least some of the predicted PG hydrolases in bacterial genomes are likely to have
developed alternative functions in addition to, or at the expense of, catalytic activity (Uehara
et al., 2010).

Proteins with LytM (Pfam: Peptidase_M23) domains are broadly distributed in bacteria
(Finn et al., 2008). They are homologs of lysostaphin, a well characterized zinc metallo-
endopeptidase that cleaves the unique pentaglycine crosslinks found in Saphylococcus
aureus PG (Browder et al., 1965). The protein family is named after LytM from S aureus
(SaLytM), which was the first member to be structurally characterized (Firczuk et al., 2005;
Firczuk and Bochtler, 2007). Since the structure of LytM was described, members of the
protein family from a diverse array of bacterial species have been implicated in a variety of
important processes, including cell division, cell elongation, cell-shape determination,
sporulation, and bacteriophage infection (Cohen et al., 2009; Uehara et al., 2009; Sycuro et
al., 2010; Goley et al., 2010; Méll et al., 2010; Poggio et al., 2010; Bonis et al., 2010;
Meisner and Moran, 2011; Singh et al., 2012). Several LytM-like proteins have also been
structurally and/or biochemically characterized, the majority of which also appear to be
metallo-endopeptidases that cleave the peptide moiety of PG to break crosslinks in the
matrix (Lu et al., 2006; Cohen et al., 2009; Singh et al., 2012). The current exceptions are
SpollQ from Bacillus subtilis (Meisner and Moran, 2011; Levdikov et al., 2012; Meisner et
al., 2012) and the E. coli cell division proteins EnvC and NIpD (Uehara et al., 2010), for
which no hydrolytic activity has been detected.

During sporulation, B. subtilis divides asymmetrically to form a larger mother cell
compartment and a smaller (forespore) compartment. The mother cell then engulfs the
forespore compartment and nurtures the developing spore within its cytoplasm. SpollQ
interacts with SpollAH to form the core of a channel that connects the two compartments
(Camp and Losick, 2008; Meisner et al., 2008; Camp and Losick, 2009; Doan et al., 2009;
Meisner and Moran, 2011; Meisner et al., 2012). The channel is thought to supply the
forespore with essential nutrients needed for the completion of sporulation. The structure of
the SpollQ-SpollAH complex has been solved independently by two groups (Levdikov et
al., 2012; Meisner et al., 2012). As expected, the LytM-like domain of SpollQ has a fold
that resembles other members of the family. Thus far, however, SpollQ has only been
implicated as a structural component of the inter-compartmental transport conduit. While
other activities remain possible, it is unlikely to function as a metallopeptidase because it is
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missing residues implicated in metal-binding and catalysis in other LytM-like proteins, and
no metal was observed in the region of the structure corresponding to the degenerate active
site (Levdikov et al., 2012; Meisner et al., 2012).

The E. coli cell division proteins EnvC and NIpD are LytM-like proteins that also appear to
have lost metallopeptidase activity (Uehara et al., 2010). These factors, along with the PG
amidases AmiA, AmiB, and AmiC are required for processing the newly synthesized PG
material that connects developing daughter cells at the division site (Heidrich et al., 2001;
Priyadarshini et al., 2007; Uehara et al., 2009). Mutants defective for all three amidases or
both LytM factors fail to cleave the connecting (septal) PG and form long chains of cells
with distinct cytoplasmic compartments connected by shared layers of PG and a partially
constricted outer membrane (Heidrich et al., 2001; Priyadarshini et al., 2007; Uehara et al.,
2009). Our results indicate that rather than functioning as PG hydrolases themselves, EnvC
and NIpD are recruited to the division site to directly activate septal PG hydrolysis by the
PG amidases (Uehara et al., 2010). EnvC specifically activates AmiA and AmiB, while
NIpD specifically activates AmiC. Structural and genetic analysis of the amidases has
recently revealed that the activation mechanism involves the removal of an autoinhibitory
alpha-helix from the amidase active site (Yang et al., 2012). Release of this helix is unlikely
to involve proteolytic processing by the LytM factors because no change in the molecular
weight of the amidases was observed following incubation with their cognate LytM
activator (Uehara et al., 2010). Furthermore, like SpollQ, EnvC and NIpD are missing
conserved metal-binding and catalytic residues conserved in active LytM-like
metallopeptidases (Uehara et al., 2010). We have thus proposed that the LytM factors
promote a reversible conformational change in the amidases that stimulates the release of the
inhibitory helix from the active site (Yang et al., 2012). Interestingly, the ability of EnvC to
activate AmiA and AmiB in vivo is itself subject to the control of the ABC transporter-like
complex composed of the divisome proteins FtsE and FtsX (Yang et al., 2011). Although
the mechanism of this regulation remains to be elucidated, the available data suggest that
FtsEX may use conformational changes initiated by ATP hydrolysis in the cytoplasm to
modulate EnvC activity on the external face of the cytoplasmic membrane (Yang et al.,
2011). FtsEX is likely playing a similar regulatory role in controlling PG hydrolase activity
throughout the bacterial domain (Crawford et al., 2011; Sham et al., 2011; Yang et al.,
2011).

Here we report the structure of the LytM domain from EnvC, the first structure of a LytM
factor implicated in the regulation of PG hydrolysis. As expected from sequence analysis,
the domain has a fold that is highly similar to that of other LytM proteins. Importantly, the
structure also shows that the region of EnvC corresponding to the metallopeptidase active
site in other structures is indeed degenerate and lacks a catalytic metal ion. This observation
strongly supports the model that EnvC is functioning as a regulator or PG hydrolysis and is
not itself capable of cleaving PG. Residues in the EnvC structure required for amidase
activation were identified using a genetic selection and site-directed mutagenesis. Our
results indicate that residues in and around the degenerate EnvC active site are critical for
amidase activation in vivo and in vitro. Thus, although the active site of EnvC is degenerate,
the protein still employs the apparent substrate binding pocket conserved in active LytM-
like metallopeptidases to promote cell wall hydrolysis by the amidases.

Structure of the LytM domain of EnvC

The primary sequence of EnvC contains three identifiable domains: a signal peptide
(residues 1-34), a predicted coiled coil (CC) domain (residues 35-271), and a LytM domain
(residues 318-413) (Ichimura et al., 2002; Hara et al., 2002; Bernhardt and de Boer, 2004).
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We crystallized a C-terminal fragment of EnvC called"Y'EnvC (residues 278-419) that has
previously been shown to be sufficient for amidase activation in vivo and in vitro (Uehara et
al., 2010). The structure of this domain was solved by molecular replacement using the
atomic coordinates of active LytM from S, aureus (Table S1) (Firczuk et al., 2005).
Diffraction data obtained with the native crystals of-Y'EnvC were of excellent quality and
generated a density map in which we could trace the main chain from residue 290 to residue
419 for all four molecules in the asymmetric unit.

TheY'EnvC structure (Figure 1A) is a two-layered sandwich of anti-parallel f-sheets formed
by a large sheet of 7 strands (B1-p4-p12-8-p7-p6-510) and a smaller sheet of 3 strands (39-
11-p5) (Figure 2). Extending from the core -sheets is a large -turn (32-B3) that forms the
bottom portion of a prominent cleft in the structure (see below). Superposition of the Ca
traces show that the four models in the asymmetric unit are nearly identical (rmsd of 0.05 A
between chains A and B; rmsd of 0.22 A between chains A and C or D).

Comparison with other LytM domains

A search of the Dali database (Holm and Rosenstrém, 2010) confirmed the close similarity
of Y'EnvC with the M23 family of metalloproteases, and in particular with theSaLytM
glycyl-glycine endopeptidase (PDB 2b13; rmsd of 1.7 A over 123 residues, Z-score = 19.4)
(Firczuk et al., 2005; Firczuk and Bochtler, 2007) (Figure 1B and S1)."Y'EnvC also aligned
well with the degenerate LytM protein SpollQ (PDB 3TUF; rmsd of 1.9 A over 120
residues, Z-score = 17.6) (Figure 1B). The most striking difference between the structure
of Y'EnvC and that of activeSaLytM is in the putative substrate binding cleft (Figure 1C and
S1). The active site zinc ofS3LytM is located within a long, relatively narrow cleft in the
structure formed by loops and the B-turn that extend from the core -sheets. The
corresponding cleft on the-Y'EnvC structure has a wider mouth. The cleft also does not
extend all the way across the face of thelY'EnvC protein as it does inS8LytM and therefore
looks more like a three-finger pincer than the long narrow groove ofSaLytM (Figure 1C).
Importantly, none of the Zn-coordinating residues inS8LytM (H210, D214 and H293) are
conserved intY'EnvC (W320, V324, and Y401) (Figure 2 and S1) and accordingly, no Zn2*
ligand is found in the structure (Figure 1A). This observation is consistent with the fact that
no hydrolase activity has been detected for EnvC (Uehara et al., 2010).

Genetic selection for the identification of defectivelYtEnvC variants

We employed both an unbiased genetic selection and site-directed mutagenesis to identify
residues on thelY'EnvC structure important for its amidase activation function. The unbiased
selection for defective mutants was based on the lethal activity of-Y'EnvC. We previously
demonstrated that the production of the superfolding green fluorescent protein (SFGFP)
fusionSFGFP-LY'EnVC exported by the signal sequence of DsbA (SDsbA) induces cell lysis
and death in an amidase dependent manner (Uehara et al., 2010). We therefore reasoned that
we should be able to identify residues in®Y'EnvC critical for amidase activation by selecting
for survivors following induction of a mutagenized copy of $SdsbA-S'gfp -VtenvC. However,
with such a selection, many of the resulting mutants would likely encode uninteresting
variants of -Y!EnvC that are either truncated, unstable, or defective for transport to the
periplasm. In order to more easily eliminate the background of these mutants, we engineered
an in-frame fusion of the bla reporter to the 3‘end of$SdsbA-sTgfp -WtenvC. The addition of f-
lactamase to the C-terminus ofSFGFP-LY'EnvC fusion did not significantly affect its lytic
activity (data not shown). Importantly, when the fusion was produced in a resistant mutant
strain lacking AmiA and AmiB, it conferred resistance to ampicillin, indicating that the 8-
lactamase portion of the fusion also remained functional (data not shown). Thus, ampicillin
resistance could be used as a simple diagnostic for the production of full-length, exported
variants ofSFGFP-LYtEnvC-Bla. For the selection,VtenvC was mutagenized using error-prone
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PCR and inserted into an integration vector to generateSSdsbA-Sfgfp -WtenvC-bla under
control of the arabinose promoter (P4r5). The resulting plasmid library was integrated at the
phage A att site of strain TB28 [WT]. Survivors were then selected on LB agar containing
0.2% arabinose and 50 pg/ml ampicillin. The!YtenvC portion of the fusion was amplified
from the chromosome of the survivors and sequenced. Mutant genes encoding variant
proteins with the single amino acid substitutions V353A, L400P, R405H, or N412K were
identified (Table 1). These mutated'YtenvC genes were used to construct new integration
vectors (pNP33-derivatives) encoding®DsbA-SFGFP fusions to thelY'EnvC variants without
Bla and with production of the fusion being controlled by the lactose promoter (P5c). The
resulting constructs were integrated at the phage HK022 att site of strain TB28 [WT] and
tested for lytic activity following induction with IPTG. As expected, all of the identified
variants failed to induce cell lysis (Figure 3A, Table 1). Immunoblot analysis using anti-GFP
antisera revealed thatSFGFP-WYEnvC(V353A) andSFGFP-LYEnvC(R405H) accumulated to
near wild-type levels (Figure 3B). On the other hand,SFGFP-LYEnvC(L400P) appeared to be
cleaved because only a lower molecular weight product was detectable in the blot.
Accumulation ofSFGFP-WYEnvC(N412K) was not detected. We conclude
thattY'EnvC(V353A) and-Y'EnvC(R405H) are likely to be functionally defective for
amidase activation in vivo, while the variantstY'EnvC(L400P) and-Y'EnvC(N412K) are most
likely poorly folded or otherwise unstable. Thus, while the bla fusion construct likely helped
us reduce the background of misfolded or otherwise uninteresting-Y'EnvC variants identified
in the selection, the system was obviously not perfect.

Site-directed mutagenesis to identify additional defectivelY'EnvC variants

Residues V353 and R405 map to a region of thelY'EnvC structure that is adjacent to the
potential binding cleft where the degenerate metallopeptidase active site is located (Figure
4). To identify additional residues important for EnvC function, we used site-directed
mutagenesis to create constructs producing variants ofSFGFP-LYEnvC with other amino acid
substitutions in the degenerate active site region. We also generated variants with
substitutions in conserved, surface-exposed residues in other areas of the structure and a
variantY'EnvC(Y366H) corresponding to that encoded by the original envC mutant allele,
envC 61, which was identified in a screen for temperature sensitive cell division mutants by
Starka and co-workers in 1973 and mapped by Hara and colleagues many years later
(Rodolakis et al., 1973; Hara et al., 2002). The vector pNP33 (Pj,c:: SSdsbA-Sfgfp -YtenvC)
was used as the template for site-directed mutagenesis. The resulting derivatives were then
integrated at the phage HK022 att site of strain TB28 [WT] and tested for their ability to
induce lysis upon induction with IPTG. The results are summarized in Table 1. With the
exception ofSFGFP-LYIENVC(Y350A) andSFGFP-WYEnvVC(Y366H), only substitutions that
introduced a negative charge into the degenerate active site region (W320E, K321E, V324E,
V355E, Y401E, and A410E) resulted in a non-lyticSFGFP-WYENnvC derivative (Figure 3A,
Table 1). Interestingly, in many cases, variants where the same residues were substituted
with alanine (W320A, K321A, V324A) retained lytic function (Table 1). Immunoblot
analysis indicated thatSFGFP-Y'EnvC(K321E),SFGFP-WYEnVC(V324E),
andSFGFP-WY'EnvC(Y350A) accumulate to near wild-type levels,
whileSFGFP-WYEnvC(Y401E) andSFGFP-LYEnvC(Y366H) were partially degraded
withSFGFP-WYEnvC(Y401E) appearing to accumulate more full length protein
thanSFGFP-LYtEnVC(Y366H). In the case of these partially degraded variants, however, they
both accumulated comparable levels of full-length protein relative to the wild-type control
such that one would expect them to have been lytic if they were functional (Figure 3B, S2,
and Table 1). The remaining non-functional variants were apparently unstable and almost
completely processed to lower molecular weight forms (Figure 3B, S2, and Table 1). Our
results therefore indicate that in addition to V353 and R405 identified above, residues K321,
V324, Y350, and Y401 are likely to be important for EnvC function. The functional
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importance of Y366 is less clear given the greater degree of degradation observed for this
variant. Significantly, all of the functionally important residues are clustered in and around
the degenerate LytM active site (Figure 4), suggesting that although this region has likely
lost catalytic activity, it remains functional as an “active site” for amidase activation.
Furthermore, because the addition of negative charges into the putative binding cleft was
often required to disrupt activity, we infer that the highly positive electrostatic potential of
this region is likely to be a key functional feature (Figure 1C).

Activity of full length EnvC variants with amino acid substitutions in the LytM domain

TheSFGFP-LWY'EnvC fusions that have been studied thus far are not subject to the normal
regulatory controls governing amidase activation by full-length EnvC (FLEnvC) (Uehara et
al., 2010). We therefore wondered whether the residues we identified as important for lysis
induction bySFGFP-LYIEnvC are also important for regulated amidase activation during cell
division byFLEnvC. To investigate this, we generated constructs encoding™-EnvC
derivatives with the identical amino acid substitutions found to abolish the Iytic activity
ofSFGFP-LYIEnvC. We then assayed the ability of these constructs to correct the severe
chaining phenotype of a strain inactivated for both EnvC and NIpD. We chose to monitor
correction of the EnvC™ NIpD~ phenotype over that of a single envC deletion because the
phenotype of the double mutant is more dramatic and correction is easier to assess. All of
the amino acid substitutions that were found to inactivateSFGFP-WYEnvC also disrupted the
ability of the correspondingF-EnvC variants to promote normal cell separation in the EnvC™
NIpD~background (Figure 5A-D and S3). Additionally, consistent with our previous results
demonstrating that the CC domain of EnvC is necessary and sufficient for its recruitment to
the division site (Uehara et al., 2010), mCherry fusions to the defective™-EnvC variants all
displayed normal septal localization patterns (Figure 5G—H and S4). Importantly, the
mCherry-FLEnVC fusions were found to localize even in cells without visible constrictions
(Figure 5G-H, arrowheads), indicating that the observed septal recruitment is unlikely to
be the result of increased periplasmic volume at the division site due to delayed septal PG
splitting (Bernhardt and de Boer, 2004). Thus, although the"-EnvC variants localize
normally, they fail to promote normal cell separation.

Activity ofYY'EnvC variants in vitro

The simplest interpretation of the mutational analysis is that the defective EnvC variants
described above have lost the ability to activate PG hydrolysis by the amidases. To test this,
we purified untagged versions of -Y'EnvC(WT) and the
variantstY'TEnvC(K321E),.Y'tEnvC(Y350A), YEnvC(V353A), andWYEnvC(R405H) and
monitored their ability to activate AmiB in vitro. PG hydrolysis was monitored using PG
sacculi covalently labeled with the dye Remazol Brilliant Blue (RBB). The RBB-labeled
sacculi were added to reactions containing AmiB and-Y'EnvC or its derivatives (1 uM each).
At the indicated time points following sacculi addition, a portion of the reaction was
removed and terminated with the addition of an equal volume of ethanol. Once the time
course was completed, undigested sacculi were pelleted and the absorbance of the
supernatant in each sample was measured (Figure 6). As expected based on the in vivo
analysis, all of thelY'EnvC variants tested were defective for AmiB activation in vitro.
OnlyWY'EnvC(Y350A) retained a low but measurable rate of activation. We therefore
conclude that the degenerate substrate binding cleft observed in the"Y'EnvC structure is the
“active site” of EnvC required for it to stimulate amidase activity during cell division.

DISCUSSION

This study reports the first structure of a LytM domain protein functioning as an activator of
PG hydrolases. We have previously inferred that mixtures of EnvC with either AmiA or
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AmiB possess robust PG hydrolysis activity because EnvC stimulates catalysis by the
amidases as opposed to promoting a PG cleavage reaction itself that synergizes with
amidase activity (Uehara et al., 2010). In support of the activation model, we failed to detect
PG hydrolytic activity for EnvC alone, and sequence analysis suggested that EnvC lacks
metal-binding residues conserved in other LytM peptidases (Uehara et al., 2010). The
structure of WY'EnvC provides important confirmation of the activation model. While its fold
is highly similar to that ofS8LytM and other proteins in the LytM family that have been
structurally characterized, the region of the-Y'EnvC structure corresponding to the metallo-
peptidase active site is devoid of Zn?* and an obvious metal-chelating motif. Thus, the
protein has almost certainly lost metallo-peptidase activity and is unlikely to function as a
PG hydrolase itself. The lack of a catalytic metallo-peptidase center in thelY'EnvC structure
also supports the idea that amidase activation is proceeding via the induction of a reversible
conformational change rather than through a proteolytic processing event.

The LytC-type amidases are also metallo-enzymes with a catalytic Zn2* ion present in their
active site cleft (Shida et al., 2001; Korndorfer et al., 2006; Mayer et al., 2011; Yang et al.,
2012). We recently showed that cell separation enzymes belonging to this family are
regulated by an autoinhibitory alpha-helix that occludes the active site and blocks access to
substrate (Yang et al., 2012). Mutations predicted to destabilize the interaction of the
autoinhibitory helix with the amidase active site led to elevated basal amidase activity in the
absence of an activator (Yang et al., 2012). We therefore proposed that the amidases are
likely capable of spontaneously interconverting between an active “open” and inactive
“closed” conformation with the closed form predominating at equilibrium due to the
strength of the interaction between the inhibitory helix and the active site (Yang et al.,
2012). To activate the amidases, EnvC and NIpD most likely stabilize the open
conformation of their cognate amidases, thus biasing the equilibrium to favor the active
state. An attractive mechanism by which the open form of the amidase might be stabilized is
through the direct binding of the autoinhibitory helix by the LytM activator. Furthermore,
our structure-function analysis of WY'EnvC suggests that the amidase activation factors may
use their degenerate metallo-endopeptidase active site cleft to mediate this binding event.
UnlikeSaLytM, which has a narrow groove in its structure containing the catalytic Zn?* ion
that can likely only accept extended peptide substrates (Firczuk et al., 2005), the
corresponding cleft in theMY'EnvC structure is wide enough to easily accept the amidase
regulatory alpha-helix. Consistent with this hypothesis, our mutational analysis indicates
that residues in and around the degenerate active site cleft are critical for the amidase
activation function of EnvC. Moreover, when molecular modeling was used to investigate
the potential interaction of the regulatory helix of AmiB (residues 293-309) withYEnvC,
seven of the ten best rigid-body docking models identified a potential binding site for the
helix in thelY'EnvC cleft (Figure S5). Interestingly, in the structure of latent
(inactive)S3LytM, the N-terminal regulatory domain of the proenzyme makes extensive
contacts with the active site and the adjacent face of the endopeptidase domain (Odintsov et
al., 2004). The analogous region of thelYtEnvC structure was also implicated in amidase
activation function by the mutational analysis, suggesting that it may provide a platform for
an even larger protein-protein interaction interface with AmiA and AmiB that is needed to
stimulate PG hydrolysis.

Our model for amidase activation predicts that the inactivelY'EnvC variants identified in this
study should be defective for an interaction with the amidases. Unfortunately, we have been
unable to test this directly because our attempts at detecting EnvC-AmiA or EnvC-AmiB
complexes using gel-filtration chromatography or in vitro “pull-down” experiments have so
far been unsuccessful. We suspect that this is due a relatively low affinity between EnvC
and its cognate amidases, which is not unexpected given the regulatory nature of the
interaction. Further experimentation is therefore needed to test the activation model
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proposed here. To this end, we are currently pursuing site-specific crosslinking and co-
crystalization studies to better understand the nature of the EnvC-amidase complex, how the
interaction stimulates PG cleavage by the amidases, and ultimately how this activation
reaction is controlled by the FtSEX ABC-system to properly coordinate septal PG splitting
with PG biogenesis at the cytokinetic ring. Continued structural and genetic analysis of this
PG remodeling system should also reveal opportunities to subvert its regulation for the
development of new classes of lysis-inducing antibiotics.

EXPERIMENTAL PROCEDURES

Media, bacterial strains, and plasmids

Cells were grown in LB [1% tryptone, 0.5% yeast extract, 0.5% NaCl] or minimal M9
medium (Miller, 1972) supplemented with 0.2% casamino acids and 0.2% sugar (glucose,
arabinose or maltose as indicated). Unless otherwise indicated, antibiotics were used at 10
(chloramphenicol; Cm), 15 (ampicillin; Amp) or 20 (kanamycin; Kan) ug/ml. Bacterial
strains used are listed in Table S2. All E. coli strains used in the reported experiments are
derivatives of MG1655. Plasmids used in this study are listed in Table S3.

Selection for defective!YtenvC mutants

To mutagenize!YtenvC, the corresponding fragment of envC was amplified with Tag DNA
polymerase and inserted into pTD70 [Pyy4::5SdsbA-Sfgfp-stop-bla], generating pTU206
[Para::S3dsbA-Sfgfp-YlenvC-bla], and transformed into DH5a/(Apir). The resulting
transformants were pooled and plasmid DNA was purified. Plasmid from the pool were
integrated at the A att site of MG1655 as described previously (Haldimann and Wanner,
2001). Pooled integrants were plated on LB containing 0.2% arabinose and 50 pg/ml
ampicillin to select for constructs encoding defectiveSFGFP-LY{EnvC-Bla fusions that fail to
induce cell lysis. Note that the pTD70 parent plasmid has a stop codon in the linker
betweensSdsbA-STgfp and bla, so that plasmids lacking an insertedenvC gene are eliminated
by the ampicillin selection. Eight survivors were isolated and the mutation sites in the
pTU206 derivatives were mapped by sequencing. Six isolates encoded>FGFP-LY'EnvC-Bla
with an N412K substitution (base changes: AAT to AAA) with or without additional
substitutions. The other two isolates encoded variants with either an L400P or V353A
substitution (base changes: CTC to CCC or GTG to GCG, respectively). A second round of
selections was performed to identify additional non-functionalVenvC alleles. An identical
procedure was followed except that'YlenvC was amplified under conditions that enhance
mutagenesis by Taqg polymerase (high MgCl,, dCTP, and dTTP concentrations). In this
round, 17/18 isolates encodedSFGFP-LYEnvC-Bla with an N412K substitution, while the
remaining isolate encoded a fusion with an R405H substitution (base change: CGC to CAC).

Protein purification

All proteins were over-expressed and purified with a 6xHis-SUMO (HSUMO) tag fused to
their N-termini (Mossessova and Lima, 2000; Marblestone et al., 2006). The sequence of the
affinity tag in all cases was MRGSHHHHHHMASG. The SUMO sequence was amplified
from the Saccharomyces cerevisiae genome (gene Smt3) as described earlier (Bendezu et al.
2009). After purification of the H-SUMO fusion protein by metal-affinity chromatography,
the H-SUMO tag was removed using 6xHis-tagged SUMO protease (H-SP) (Bendezl et al .,
2009). Cleavage reactions were passed through Ni-NTA resin to remove free H-SUMO and
H-SP, yielding a pure preparation of the desired protein. As a result of fusion construction,
all proteins have an additional Ser residue at their N-termini.

LYLEnvC(WT),YEnvC(K321E), WYEnVC(R405H), WYtENVC (Y 350A), andY'EnvC(V353A)
were purified from BL21(ADE3) containing pDY280, pDY?281, pDY282, pDY283, and
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pDY 286, respectively. Overnight cultures were diluted 1:100 into 1 L of LB supplemented
with ampicillin (50 pg/ml) and glucose (0.04%) and cells were grown at 30°C to an ODgqg
of 0.47-0.71. IPTG was then added to 1 mM and growth was continued for an additional
3.0-3.5 hours when cells were harvested by centrifugation. Cell pellets were resuspended in
20 ml buffer A [50 mM Tris-HCI (pH 8.0), 300 mM NacCl, 10% glycerol] with 20 mM
imidazole, split into two 10 ml aliquots, and stored at —80°C prior to use for protein
purification. For purification, a 10 ml aliquot (representing 0.5 L of induced culture) was
thawed, and the cells were disrupted by sonication. Cell debris and membranes were pelleted
by centrifugation at 105,000%g for one hour at 4°C. H-SUMO fusions were purified using
2.0 ml Ni-NTA agarose resin (Qiagen) according to the manufacturer’s instructions. Resin
was equilibrated in buffer A with 20 mM imidazole, washed with buffer A containing 20
mM imidazole once and then buffer A containing 50 mM once. The fusion proteins were
then eluted with buffer A containing 300 mM imidazole. The purified H-SUMO fusions
were incubated with a 1:1000 dilution of an H-SP preparation (Uehara et al., 2010) and
dialyzed overnight in buffer A containing no imidazole at 4°C. The following morning the
protein preparation was then passed over 2.0 ml Ni-NTA agarose resin (Qiagen). Untagged
proteins were collected in the flowthrough, aliquoted and stored at —80°C in buffer A
containing no imidazole. Protein concentrations were determined using the NI (Non-
Interfering) Protein Assay (G-Biosciences). AmiB was purified as previously described
(Uehara et al., 2010).

Structure determination

LYtEnvC(WT) purified as described above except that the flowthrough fractions from the
final NiNTA column were concentrated with Amicon Ultra centrifugation filter units
(molecular weight cut-off of 3,000; Millipore) and injected onto a 10/300 GL Superdex 200
gel filtration column (GE Healthcare)..Y'®EnvC was eluted with 25 mM Tris, pH 8.0, 150
mM NaCl and again concentrated with Amicon Ultra centrifugation filter units. Protein
concentrations were measured by using a Bradford assay (Bio-Rad).

Crystallization trials were performed in 96-well Greiner Crystal Quick plates with 100 nL
protein (30 mg/mL) and 100 nL reservoir solution. Native-Y'EnvC crystallized in 0.2 M
sodium iodide, 17% PEG 3350, pH 6.9 at 20 °C in 24 to 48h.-Y'EnvC crystals were
cryoprotected by exchanging the mother liquor with crystallization solution containing 20%
glycerol, and then flash-frozen in liquid nitrogen.

LY'EnVC crystallized in the space group P31 with the following unit cell parameters: a =
57.404 A, b =57.404 A, ¢ =129.320 A, a = = 90°C and v = 120° (Table S1). Native
diffraction data were collected at 1D14-1 of the European Synchrotron Facility (Grenoble,
France). Phase determination was carried out by the molecular replacement method (CCP)
by using the structure of S. aureus truncated LytM (PDB accession no. 2b13) (Firczuk et al.,
2005). The diffraction data were reduced by using XDS (Kabsch, 2010), and the
crystallographic model was refined by using CCP4 programs iterated with manual
rebuilding. Water and ion molecules were added manually in COOT (Emsley et al., 2010).
Model quality was determined by using Molprobity (Chen et al., 2010), with all residues
within most favorable or allowed regions of the Ramachandran plot. A summary of the data
collection and refinement statistics is given in Table S1. The coordinates and structure
factors have been deposited in the PDB, with accession no. 4bh5.

Preparation of sacculi labelled with RBB

Sacculi were prepared from strain TU163 (Alpp) as previously described (Uehara et al.,
2009). Isolated sacculi were treated with 200 pg/ml amylase (Sigma, St Louis, MO) at 37°C
for 2 hours in 1x PBS and washed with water. The amylase-treated sacculi were then
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incubated with 20 mM RBB (Sigma) in 0.25 M NaOH overnight at 37°C. The preparation
was neutralized with HCI, and RBB-labelled sacculi were pelleted by centrifugation
(21000xg, 20 min, room temperature). The sacculi were then repeatedly resuspended in
water and pelleted by centrifugation until the supernatant was clear. The final pellet was
resuspended in water containing 0.02% azide and stored at 4°C.

Dye-release assay for PG hydrolysis

RBB-labelled sacculi (12 pl) were incubated with AmiB (1 uM) and indicated-Y'EnvC
derivatives (1 uM) at 37°C in 60 pl of PBS buffer (10 mM NayHPO,4, 2 mM KH,POy, 137
mM NaCl and 2.7 mM KClI, pH 7.4) for the indicated time points when they were
terminated by the addition of 30 pl of ethanol. Following termination, all reactions were
centrifuged at 21000xg for 20 min at room temperature. The absorbance of the supernatants
at 595 nm was then measured.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure ofY'EnvC and comparison with other LytM domains

A. Ribbon diagram of Y'EnvC illustrated with N and C termini labelled. Residues
corresponding to those required for metalloendopeptidase activity in other LytM domains
are shown as purple colored sticks and labeled. B-sheets are numbered b1-b13. B.
Superimposition of-Y'EnvC (blue), truncatedSaLytM (green) (PDB ID: 2b13) (Firczuk et al.,
2005) and B. subtilis SpollQ (violet) (PDB ID: 3TUF) (Levdikov et al., 2012; Meisner et
al., 2012). C. Molecular surface of-Y'EnvC (left) andSaLytM (right). Positive and negative
charges are colored blue and red, respectively. Note that the cleft present on thelYtEnvC
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structure is much wider than that ofSaLytM. Lower structures are rotated roughly 90 degrees
counterclockwise relative to the upper structures.
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Figure 2. \Y'EnvC secondary structure map and sequence alignment with other LytM domains
The secondary structure elements found in the-Y'EnvC structure are indicated above the
sequence alignment. Residue numbering is for EnvC..Y'EnvC residues important for
function are highlighted with a red star."Y'EnvC residues selected for mutagenesis but
resulting in unstable mutant proteins are highlighted with a black star. Residues required
forSaLytM catalysis are indicated by a blue star. Residues that are conserved or similar in at
least three proteins in the alignment are boxed in yellow. Positions that are absolutely
conserved are boxed in red. B, B-strand; T, turn

1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Mol Microbiol. Author manuscript; available in PMC 2014 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Peters et al. Page 17
A 1.01 ¢ wild type B
0o *Whd typ 4 NP1 nomutation  K321E Y350A V353A
0.8-‘L ®YTEnvC 4 20 40 20 40 20 40 20 40 20 ugprotein
0.71 ®"K321E

ODsoo

0.6] # Y350A 55
05| " V353A —
' ‘ R405H ELE

~S" GFP-Y"EnvC

a— e e e — e
NP1 Y366H L400P R405H N412K
40 40 20 40 20 40 20 40 20 ug protein
55~ =
. ~*GFP-Y'EnvC
35— w—

—
—— A — e - e

80 100 120 140 160

Time (min post induction)

Figure 3. Lytic activity and steady state accumulation of defectiveSrGFP-LY'EnvC variants

A. Cells from single colonies of strain TB28 [WT] or TB28 with plasmid pNP33
[Piac::SSdsbA-STgfp-YenvC] or pNP33 derivatives encoding the indicatedSFGFP-LY'EnvC
variants were grown in LB broth without IPTG at 30°C to an ODggg of 0.4-0.5. Cells were
then diluted to an ODggg of 0.0125 in LB supplemented with 100 pM IPTG and growth was
continued at 30°C. After one hour, ODggg measurements were taken every 20
mins.SFGFP-WYEnvC variants with the substitutions W320E, V324E, D338K, V355E,
Y366H, L400P, Y401E, A410E, and N412K also failed to induce lysis (Table 1). B.
Samples of cultures producingSFGFP-WYEnvC variants were harvested at 100 minutes post-
induction for the preparation of protein extracts. Equivalent amounts of total protein for each
sample were separated by SDS-PAGE and blotted to membranes.SFGFP-WY'EnvC variants
were detected with affinity purified anti-GFP antibodies (Rockland). Strain NP1 [zapA-gfp]
was used as a positive control for the detection of GFP. Positions of molecular weight
markers are indicated by the numbers (kDa) to the left of the blots. Non-specific cross-
reacting bands are observed above 55 kDa and below 35 kDa. Results for a subset of
theSFGFP-LY'EnvC variants are presented in the figure. See Figure S2 for the remaining set
of immunoblots.
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Figure4. EnvC residuesimportant for function cluster in and around the degener ate active site
cleft

Residues important for EnvC function are shown as yellow colored sticks on the structure
ofY'EnvC including two corresponding to those required for metallo-endopeptidase activity
in other LytM domains. The two remaining “degenerate” active site residues are shown as
purple colored sticks. Both ribbon (A, C) and surface (B, D) representations of the structures
are shown. Side views (A, B) and front views (C, D) of the cleft are shown. Structures in C
and D are rotated roughly 90 degrees clockwise relative to the structures in A and B.
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Figure 5. Defective EnvC variants areimpaired for amidase activation in vivo but still localize to
the septal ring

A-D. Cells of strain NP130(att HKNP62) [A envC AnlpD (Pjac:flenvC (WT)] (A and C) or
NP130(attHKNP61) [AenvC AnlpD (Pj,c::flenvC (K321E)] (B and D) were plated on M9
media containing either 0.2% glucose (A and B) or 0.2% maltose plus 1000 uM IPTG (C
and D), and grown overnight at 37°C. Cells from single colonies were resuspended in
medium and imaged on agarose pads using DIC optics. E-J. Cells of strain
NP32(attHKNP62) [AenvC zapA- GFP (P),.::5dsbA -mCherry-flenvC(WT)] (E, G, I) or
NP32(attHKNP61) [AenvC zapA- GFP (Pj,c::55dsbA-mCherry-flenvC (V353A)] (F, H, J)
were grown overnight in LB at 37°C, diluted 1:100 in M9 glucose and grown at 30°C to an
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ODgqg of 0.4-0.6. Cells were then imaged on agarose pads using DIC (E and F), GFP (G anf

H), and mCherry (1 and J) optics. Similar results were obtained with the entire set of
defective EnvC variants (See Figures S3 and S4).
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Figure6. Defective-YIEnvC variantsfail to activate AmiB in vitro

Reactions containing RBB-labeled PG, AmiB (1 uM), and the indicated-Y'EnvC derivative
(1 uM) were incubated at 37°C for the indicated times when they were terminated by the
addition of ethanol. Undigested PG was pelleted by centrifugation and the absorbance of the
supernatants at 595 nm were determined.
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