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Abstract

Peptidoglycan is a net-like polymer which composes a large part of most bacterial cell 
walls. It has many functions and is involved in many processes during a bacterium’s life: 
from shape maintenance under osmotic pressure, to cell growth and division, to defence 
mechanisms in response to environmental challenges such as antibiotics presence or host 
infection.
Bacteria have shown to be relentless in colonising the most diverse and extreme environ-
ments on the planet, indeed peptidoglycan shows great inter- and intra-specific differences 
due to the variety of challenges and stresses bacteria have to face during their lives. 
Photobacterium damselae is living proof of this variability, showing a PG profile with uni-
que features among the Vibrionaceae family: in particular a great abundance of 3-3 L-D 
crosslinking, usually found in low amounts during late stationary phase. LD crosslinks are 
synthesised by LD transpeptidases. These proteins are also involved in resistance to beta-
lactam antibiotics and non-canonical D-amino acid incorporation in the cell wall.
The long term goal of this project is to learn more about LD-transpeptidases role in antibio-
tic resistance. In this report purification methods are described for two L-D transpeptidases 
of P. damselae, LdtA1 and LdtA2. Their different processivities and activities in vitro in dif-
ferent conditions and with different substrates are also described. 
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Introduction

Peptidoglycan structure

Peptidoglycan (PG, or murein) is the molecule constituting most of bacterial cell walls: it’s 
composed by a glycan backbone alternating N-acetylglucosamine and N-acetylmuramic 
acid residues (figure 1A) linked between each other by beta 1-4 bonds and an amino 
acidic chain of variable composition and length attached to muramic acid by an amide 
bond, substituting its D-lactoyl group1. The peptide stem is first assembled in the cyto-
plasm, where PG biosynthesis starts: murein activated precursor has a pentapeptide with 
the following composition: L-Ala-D-Glu-meso- A2pm-D-Ala-D-Ala (meso- A2pm: 2,6-di-
aminopimelic acid, also referred to as meso-DAP)2.This basic murein subunit is shared 
among almost all Gram negative bacteria and some Gram positive rod-shaped species. 
The meso-DAP in the third position, though, can vary greatly among different bacteria: L-
lys (mostly in Gram positive bacteria) or other  diaminoacids, such as L-Orn, LL-Apm, 
meso-lanthionine, L-2,4-diaminobutyric acid, D-Lys, or mono amicoacids like L-homoser-
ine, L-Ala, L-Glu can be incorporated. Other minor variations can occur at position two, 
four and five1.
After being flipped on the outer side of the membrane, the stem loses the D-ala at the fifth 
position: the resulting muropeptide is therefore referred to as M4, where M stands for 
monomer and 4 stands for the number of amino acids residues present in the chain (Fig-
ure 1B). Remaining amino acids can undergo other chemical changes: acetylations, ami-
dation and hydroxylation can occur at many different levels. Amidation of the a-carboxyl 
group of glutamic acid (yielding D- isoglutamine) and the e-carboxyl group of meso-A2pm, 
are two examples of most frequent modifications1. 
Once a new subunit reaches the outer part of the membrane the disaccharide is added to 
the glycan chain through a transglycosylation, while peptide stems bond with each other 
through a transpeptidation reaction, forming what is known as a crosslink: in the most 
common kind of crosslink, carboxyl group of diaminoacid at position 4 and the amino 
group of the D-ala connect together through a peptide bond. This muropeptide is referred 
to as D44, where D stands for dimer, and the 4 indicates the number of amino acids 
residues in the two monomers (Figure 1C). Another crosslink is found exclusively among 
coryneform bacteria, a bond between the a-carboxyl group of D-Glu at position 2 of one 
peptide subunit (acyl acceptor) and the carboxyl group of D-Ala at position 4 of another 
(acyl donor). It also needs an inter peptide bridge containing a diaminoacid. 3-4 crosslinks 
can be direct or mediated by an inter peptide bridge. Such bridges can vary in composition 
and length, the latter ranging from one to seven amino acids. Bonds described are re-
ferred to as D,D crosslinks, as they connect two D-aminoacids from two different peptide 
stems. It exists though another kind of crosslink, one that uses the carboxyl group of the L-
amino acid at the third position as an acyl donor, and the D-center at the same peptide 
residue on another chain as the acyl acceptor. This gives birth to an L,D crosslink, and 
though it may not be as abundant as the other crosslinks, it has been shown to increase 
its proportion in stationary phase and in beta-lactams resistant strains1,3. This kind of 
crosslinks generate a muropeptide referred to as D34, where D stands for dimer and 3-4 
for the number of amino acids present in each monomer, in this case a tripeptide and a 
tetrapeptide (Figure 1D).
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Peptidoglycan’s main function is to maintain the osmotic pressure and cell’s turgor and 
shape. To withstand pressures up to 25 atmospheres and yet remain a flexible and plastic, 
enabling reversible expansion and diffusion of large molecules such as proteins, is a truly 
remarkable feature only a molecule with unique biophysical properties as sacculi can 
achieve. 
Typical length of an isolated sacculi from an E. coli strain is about 2-4 micrometers with a 
diameter of 0.5-1 micrometers and a thickness ranging from 2.5 nm to 7 nm. Low-angle 
laser light scattering analysis showed how PG is able to reversibly expand and shrink de-
pending on salt concentration, pH or chemical modification, as a result of a net charge al-
teration2.
Since PG is not crystalline, performing high resolution analysis with current methods has 
not been possible. Molecular models tend to identify in the glycan strands the source of 
the molecule rigidity whereas the peptide stems give the structure its flexibility. 
From neutron scattering studies we can argue that murein is composed by monolayered 
and trilayered regions, but we have no information on their distribution. What we know, 
though, is that glycan strands composing the sacculi are relatively short (ca. 2/3 of them 
are less than 30 residues long, 7-8 disaccharide residues is the mean length), and that 
they have a strong tendency to cross link through the terminal muropeptides1.

Figure 1: A, structures of N-acetylglucosamine and N-acetylmuramic acid. B, structure’s scheme of M4 mu-
ropeptide. C, structure’s scheme of D44 muropeptide. D, structure’s scheme of D34 muropeptide.
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Peptidoglycan plasticity

Murein is not a static structure, on the contrary, it is continuously build, recycled and modi-
fied to meet the cell needs in terms of growth, division and in response to stress condi-
tions. PG synthesis and digestion are therefore finely regulated under the control of va-
rious enzymes.
Murein synthesis can be thought as divided in three parts: 1) synthesis of a muropeptide 
precursor in the cytoplasm, mainly under the control of Mur ligases, 2) transfer of the pre-
cursor from the cytoplasm to the periplasm, thanks to lipid II assembly and anchoring, and 
3) maturation, where the glycan backbone and the crosslinks are formed4. Major players of 
this last step are enzymes known as Penicillin Binding Proteins (PBPs). They can be di-
vided in 3 classes: A,B,C. Class A PBPs are bifunctional enzymes, able to catalyse the 
formation of the glycan chains through transglycosilation reactions in their N-terminal do-
main while their C-terminal domain performs D-D transpeptidation (formation of a D-D 
crosslink), carboxypeptidation (hydrolysis of a crosslink) or endopeptidation (release of the 
last residue in a peptide chain). Class B PBPs are monofuctional transpeptidases and 
class C are monofunctional glycosiltransferases. Both reactions reach their maximum effi-
ciency when they are ongoing at the same time5.  Transpeptidation reactions makes the 
peptidoglycan thicker, without making room for new muropeptides: in fact PG growth relies 
also on great variety of murein hydrolases which cleave covalent bonds in order to insert 
new material in the same layer. Cleavage of these bonds is also essential during cell divi-
sion and separation. The insertion of new muropeptides is still a not fully comprehended 
mechanism6.
During cell elongation a critical role is played by MreB, an actin like protein involved in lipid 
II synthesis in rod-shaped bacteria: when this enzyme is depleted, morphology switches 
from rod to sphere. Antibiotic inhibition of murein synthesis stops its activity, as well as de-
pletion or inhibition of class B TPases, suggesting that murein synthesis is the main motor 
for this protein activity6.
FtsZ is the master regulator of bacterial cell division: it is responsible for the formation of 
the Z ring, a structure consisting of arches of bundles of FtsZ filaments that rapidly poly-
merise and depolymerise on binding and hydrolysis of GTP. More than ten essential cell 
division proteins localise to the Z ring to form the divisome. A number of PG synthases and 
hydrolases are also part of the divisome, and other essential proteins, such as FtsN, inter-
act tightly with them, showing once again how important is murein synthesis as a regulator 
of other cellular processes6. 
Peptidoglycan synthesis plays also a critical role in different stress conditions: thinking 
about extreme cases of endospore differentiation among different gram positive species 
gives a clear idea about how much PG has to be modified in response to environmental 
conditions. Another good example of plasticity is shape changes of bacteria during host 
infection: think about Helycobacter pylori, which shift from spiral to coccoid morphology 
makes it more difficult to recognise by the immune system7.
Other changes in PG composition are smaller and less dramatical, such as O-acetylation 
or N-deacetylation of glycan chains, but they are nonetheless proving to be adaptations to 
different kind of necessities: the latter mentioned is for example lysozyme resistance me-
chanisms7. D-aminoacid incorporation in the cell wall of many bacteria was for a long time 
regarded as a side reaction, but the discovery of racemases for the synthesis of specific D-
aminoacid and the fact that they are produced by several bacteria and accumulated during 
stationary phase changed the way this phenomenon was interpreted. Today we know that 
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these amino acids have various effects on bacteria, acting as regulator on cell wall deve-
lopment in stationary phase to extracellular signals triggering developmental decisions, 
such as biofilm formation inhibition or disassembly8. 

Peptidoglycan analysis

Given the fact that peptidoglycan is not a crystalline molecule, how to analyse its structure 
without a high resolution method has been a big challenge for a long time. How to purify 
murein and how to digest it to obtain single muropeptides were questions which got an-
swered by the beginning of the ‘60s, but until the early ‘80s no analysing technique was 
sensitive enough to profile accurately peptidoglycan. With the development of advanced 
chromatographic techniques, however, first comprehensive PG profiles started to become 
available. In 1988 Glauner et al. provided the first comprehensive characterisation of E.coli 
muropeptides’ profile, using HPLC9: High Performance Liquid Chromatography. This tech-
nique relies on a porous matrix (the stationary phase) packed in a column, and a liquid 
sample transported through it by a liquid (the mobile phase). The individual components of 
the sample have different solubility in the two phases, this way they are separated; high 
pressure pumps affect the elution time of the components off the column and a UV light 
detector (absorbance is usually measured between 202-208 nm) produces a chromato-
gram as a function of time. Absorbance is also related to the quantity of the molecule elu-
ting from the column, providing therefore the possibility to also quantify each single com-
ponent. 
HPLC has several advantages: many samples can be processed in parallel, and since it 
characterises all individual muropeptides it makes it possible to link murein composition 
with enzymatic activities and environmental conditions. 
There are two major drawbacks to the use of HPLC as an analysis method: the flow throu-
gh is slow (1 to 2 hours) and accurate detection of minor components requires 109-1010 
cells’ samples. A new extension of HPLC provides answers to these challenges: UPLC 
(Ultra Performance Liquid Chromatography) has a stationary phase designed to withstand 
higher pressures, with a sub-2 micrometers particle size, increasing speed (5 to 20 minu-
tes), resolution and sensitivity, with coupled detectors and injectors able to use smaller 
sample volumes (1-10 microL)10.

Photobacterium damselae

Photobacterium damselae is a marine bacteria of the Vibrionaceae family. It’s a pathogen 
of a variety of marine organisms like fishes, cetaceans and crustaceans. 
Two subspecies of Photobacterium have particular importance as pathogenic agents: sub-
species piscida, which is known to cause pasteurellosis in fishes, and subspecies damse-
lae which has the haemolytic activity and is able to grow also at 37° C, making it able to 
colonise and infect also homeotherm mammals causing necrotising fasciitis11 This sub-
species is the one investigated in this report.
In a screening of peptidoglycan profiles of 60 members of the Vibrionaceae family, Photo-
bacterium’s profile was so different from every other that it was impossible to group it with 
another. Taking a closer look, it was clear that major differences in its profile was the 
abundance of D34, and the decreased quantity of M4. Taking a look at row 4, Photobacte-
rium’s profile, the difference in thickness between M4 and D34 bands can be clearly seen; 
also comparing the two with the other profiles, it’s clear how photobacterium’s has less M4 
then the others and more D34 (see figure 2). When compared to the murein profile of Vi-
brio cholerae, increase of the D34 peak is even clearer (see figure 3).
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Figure 2: (A) PC analysis of 60 peptidoglycan profiles of the Vibrionaceae family, Photobacterium’s profile is 
the outlier highlighted with a red circle; (B) heat map of the same Vibrionaceae profiles: M4 is the first thick 
red band found among all profiles, after minute 4, whereas D34 is the band found after minute 6 in the lower 
part of the map. ’s profile is the one on the A4 row. (Images are courtesy of Laura Alvarez, CAVALab, MIMS, 
Umeå University).

Figure 3: Vibrio cholerae’s (A) and Photobacterium damselae’s (B) stationary phases confronted: M4 and 
D34 relative abundances can be seen even more clearly. (Images are courtesy of Laura Alvarez, CAVALab, 
MIMS, Umeå University).

LD transpeptidases

The enzymes responsible for the synthesis of D34 are LD transpeptidases: LD crosslink is 
formed between two tetrapeptides stems, one donor and one acceptor. The peptide link 
between the DAP and the terminal D-ala of the donor stem gets cleaved and the new bond 
with the DAP of the acceptor stem is formed. 
Ts novel type of cross linking was first observed by Wietzerbin in 197412, but the biological 
importance of it was overlooked until 2000 when Mainardi et al., while profiling the pepti-
doglycan of an Ampicillin resistant strain of E. faecium, understood how this 3-3 crosslinks 
provides bacteria with a way to bypass PBPs action, enhancing therefore beta lactams re-
sistance3. 
In 2005, again Mainardi purified and characterised in vitro Ldtfm from E. faecium, confirm-
ing its role as an LD transpeptidase. Ldtfm was predicted to have a ErfK_YbiS_YhnG do-
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main in the C terminal, a module widely shared among bacteria which has highly con-
served His and Cys residues, suggesting their role as catalytic residues13. 
Up to date, 3 proteins with a ErfK_YbiS_YhnG domain have been partially crystallised: Ldt-
fm, ykuD from B. subtilis and LdtMt2 from Mycobacterium tuberculosis. All these 3 are LD 
transpeptidase, but great variability exists among their structures. The N-terminal domain 
shows the greatest variability: in B. subtilis it’s a LysM domain, a structure linked with pro-
teins with PG binding functions in proteins involved in cell wall degradation14; in Ldtfm it’s a 
mixed alpha-beta fold15 and in LdtMt2 it’s a IgD domain with unusually long interstrands 
loops16. The ErfK_YbiS_YhnG domain is a beta-sandwich with 2 mixed beta sheets with 5 
and 6 beta strands and it also shows small differences among the 3 enzymes, such as the 
existence of a flap in LdtMt2 absent in the others, and differences between loops separating 
substrate binding paths between ykuD and Ldtfm16.
ykuD was the first to be crystallised, but its function was still unknown, but the fact that His 
and Cys were the putative catalytic residues made the authors hypothesise a mechanism 
based on catalytic triad, a mechanism shared by many different enzymes, where a nu-
cleophile, usually a Serine or a Cysteine, gets activated by interacting with a Histidine whi-
ch then forms a hydrogen bond with a neutral or negatively charged residue16. This cataly-
tic triad is found in a pocket of the C-terminal accessible from two sides, forming therefore 
a tunnel: Biarotte-Sorin et al. proposed that donor and acceptor strands access this pocket 
from the two different paths15. When Mycobacterium’s LdtMt2 had been purified, a fragment 
of peptidoglycan was still bound to the catalytic site, suggesting another mechanism: the 
donor stem binds through the tunnel and stays there throughout most of the catalytic 
event. This way the enzyme doesn’t have to go through many conformational changes to 
accommodate both chains at different time points, as the previous model suggested16.
Forming LD crosslinks is not the only task performed by LD transpeptidases. They have 
also been shown to crosslink Braun lipoprotein and to incorporate non canonical D-ami-
noacids in the cell wall17,18.

Photobacterium damselae’s LdtA1 and LdtA2

Since the aim of the project is to learn more about LD transpeptidases of Photobacterium 
damselae, on-line softwares were used to scan P. damselae genome for LD transpeptida-
ses. Three candidates were found: vda002324, vda001980 and vda000572 (figure 4). 
Softwares predicted the presence of the YkuD superfamily domain (the ErfK_YbiS_YhnG 
previously mentioned) and a PG binding domain, in line with already characterised struc-
tures. 

Figure 4: predicted domains in vda002324,vda001980, vda000572.

Sequence alignments of these three candidates with identified homologs in V. cholerae, 
LdtA and LdtB: vda002324 and vda001980 shared more then 30% of their sequences with 
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LdtA, whereas vda000572 shared 55% of its sequence with LdtB, responsible for Braun’s 
lipoprotein crosslinking (See Supplementary material). 

Given the similarity between vda002324 and vda001980, from now on referred to as LdtA1 
and LdtA2 respectively, and their similarity with Vibrio’s LdtA, these two candidates were 
chosen for further analysis and deletion mutants were created to check wether softwares’ 
predictions were right. As can be seen in figure 5, LdtA1 and LdtA2 shown LD crosslinking 
activity; therefore it was decided to purify and test them in vitro to check if there was any 
difference between their activities and if so what kind of difference.

Figure 5: Photobacterium damselae’s deletion mutants profiles. D34 peak is indicated by the red arrows. 
LdtA1 mutant shows little difference compared to the wild type, whereas when LdtA2 is deleted almost all 
D34 is depleted. (Images are courtesy of Laura Alvarez, CAVALab, MIMS, Umeå University) 

In the following paragraphs, an optimised purification method for LdtA1 and LdtA2 is pre-
sented. In vitro reactions of both enzymes with M4 as a substrate and incorporation of D-
met in M4 are also introduced. 

Materials and methods

Strains used

All strains used were courtesy of CavaLab: for overexpression of LdtA1 and LdtA2, the si-
gnal peptide was deleted in both genes and a His-tag was added in both C-terminals. En-
gineered genes were inserted in pET22 under the control of a T7 promoter and lacI; vector 
was transformed in BL21 E. coli strain.
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LdtA1 and LdtA2 overexpression

LdtA1 and LdtA2 carrying strains were initially grown in Luria Broth media 5 g/L NaCl 
([NaCl]= 0.086 M), with 100 micrograms/mL Ampicillin. Initial strategy was to induce over-
expression with isopropyl β-D-1-thiogalactopyranoside (IPTG) 1 mM once OD600 reached 
0.3-0.4 for three hours at 37°C. Cells were then harvested at 5000rpm for 20’ at 4°. This 
way though, proteins were secluded in inclusion bodies, making purification difficult to per-
form. The second approach chosen was to test overexpression with IPTG 1 mM and 0.1 
mM at three different temperatures: 20°,30° and 37°. 
When this strategy also failed to produce wanted results, strains were also  grown in ZYP-
5052 autoinducible media. This was prepared as described by E. Urarte et al.19:465 ml of 
ZY reagent, 0.5 ml of 1 M MgSO4, 50 ml of 1000x metals mixture, 10 ml of 50x5052, 25 ml 
of 20xNPS. ZY reagent contained 5 g peptone and 2.5 g yeast extract in 465 ml of deion-
ized distilled water. 50x5052 reagent contained 19.9 ml glycerol (ca 0.27 mol), 2.5 g glu-
cose (0.014 mol), 10 g a-lactose (0.29 mol), and 36.5 ml deionized water. 1000x metals 
mixture was obtained as described by Studier (2005)24 except for the addition of Na2SeO3, 
CuCl2, NiCl2 which were omitted. 20xNPS reagent contained 6.6 g (NH4)2SO4 (0.05 mol), 
13.6 g KH2PO4 (0.01 mol), 14.2 g Na2HPO4 (0.1 mol), and 90 ml of deionized distilled wa-
ter. It must be added at the end to avoid precipitate formation. Solutions were autoclaved 
for 15 min and stored at room temperature. Ampicillin was also added to the media at a 
double concentration, 200 micrograms/mL, compared to the one normally used.
Overexpression in ZYP-5052 was tested at different temperatures, 20°, 30° and 37°C and 
over different time points, from 2 hours to three days. 

LdtA1 and LdtA2 expression

1 mL aliquotes are taken from the grown culture to check overexpression.
Cells are harvested by centrifugation at 15000g for 5 minutes. Pellets are then resuspen-
ded and sonicated with a Sonics Vibra cell to separate membrane and cytoplasmic frac-
tions. 
Samples are then loaded in a SDS-PAGE 10% gel, stained with Coomassie blue and de-
stained to detect proteins expression. 

LdtA1 and LdtA2 purification

Once cultures are grown, cells are harvested at 5000rpm for 20’ at 4° and resuspended in 
equilibration buffer, Tris-HCl 150 mM pH 7.5, NaCl 200 mM. Cells are then lysed in a fren-
ch press and soluble and membrane fractions are separated by centrifugation at 15000 
rpm for 30 minutes at 4°. 
Soluble fractions are then mixed with equilibrated resin of Ni-NTA (QiagenTM) and loaded 
in the column. Then columns are washed with 20 mL washing buffer, Tris-HCl 150 mM pH 
7.5, NaCl 1 M, and then eluted with 3 mL elution buffer, Tris-HCl 150 mM, NaCl 200 mM, 
Imidazole 500 mM. Dialysis in 2 L Tris-HCl 100mM, NaCl 100mM pH 7.5 is performed in a 
Slide-A-LyzerTM membrane over night.

Sacculi preparation and M4 isolation

A Vibrio cholerae N16961 strain culture is prepared in LB10 with Streptomycin as a mar-
ker. Cells are then harvested at 10000 rpm for 15 minutes, supernatant is discarded and 
pellets are resuspended in 6 mL of the media. These are then added to an equal volume 
of boiling SDS 5% with stirring magnets. The sample is boiled while stirring for 3 hours and 
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left stirring over night. Sample is then washed from SDS by centrifuging at 15000g for 15’ 
multiple times. Sample is then digested over night at 37°C with a muramidase mixture con-
taining Cellosyl (40 microL muramidase per 1 mL of purified peptidoglycan). Reduction is 
performed adjusting sample pH to 8.5-9 with borate buffer and then adding an excess of 
2M sodium borohydride. The reaction is incubated at room temperature for 30 minutes. pH 
is then readjusted to 2.0-4.0 with orthophosphoric acid 4% v/v. Sample is filtered through a 
MillexTM filter unit and analysed through HPLC. Buffers used were: formic acid 0.1% (v/v) 
and formic acid 0.1% (v/v), acetonitrile 40%20.
Peaks of interest are then collected from the flowthrough of the chomatographer, purity 
and muropeptide concentration is analysed through UPLC. 

LdtA1 and LdtA2 quantification

Proteins’ concentrations were determined using the BioRadTM Protein Assay21, using BSA 
as a standard. Standard’s curve was created using BSA with the following concentrations: 
0.05, 0.1, 0.2, 0.35 and 0.5 mg/mL.

In vitro reactions of LdtA1 and LdtA2

1 microgram of protein is mixed with 7 micrograms of M4 and 5 microliters of buffer Tris-
Hcl 500 mM, NaCl 1.5 mM are mixed and MQ water is added to reach 50 microL as a final 
volume. All in vitro reactions are performed in triplicates. Two controls are also introduced: 
one mix containing the substrate alone and another containing only the enzyme. 
To test D-aminoacids incorporation, D-Met 20 mM is added to the reaction mix.
Reactions are performed over 1 hour or over night at 30°C, 37°C and 20°.

Results

LdtA1 and LdtA2 overexpression optimisation

BL21 E. coli strains were used for overexpression: LdtA1 and LdtA2 genes were engi-
neered deleting their transmembrane domain, and inserted in a pET22 vector. First over-
expression cycle was performed at 37°C using IPTG 1 mM. After sonication, overex-
pressed cultures were checked on SDS-PAGE 10% gel. Surpisingly, overexpression was 
detected in the insoluble fractions. Checking Ldts carrying strains under the microscope, 
anomalies in cells’ morphology led to the hypothesis of a possible seclusion of overex-
pressed proteins in inclusion bodies (Figure 6). Further sonication of the insoluble fraction 
and treatment with Triton-X 1% confirmed formulated hypothesis. 

Figure 6: LdtA1 and LdtA2 carrying strains. Red arrows are showing deformations in bugs’ cells, confirming 
inclusion bodies presence.
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Since purification from inclusion bodies is a difficult task and secluded proteins are often 
only partially folded, a new purification strategy had to be introduced. 
First, proteins’ overexpression was induced again with IPTG at two different concentra-
tions: 1 mM and 0.1 mM. Moreover, induced cultures were incubated at three different 
temperatures: 37°, 30° and 20°C. Samples from new cultures were then sonicated to sep-
arate membrane and soluble fraction. Figure 7 shows proteins’ detection on SDS-PAGE: at 
30°C and 37°C proteins are still expressed in the membrane fraction, meaning the cultures 
still form inclusion bodies. At 20°C no expression could be detected. 

Figure 7: protein overexpression in IPTG. 
A: overexpression in IPTG 1mM at three different temperatures: 20°, 30° and 37°C. 
B: overexpression in IPTG 0.1mM at three different temperatures: 20°, 30° and 37°C.

Inclusion bodies formation still prevented purification of proteins of interest, therefore ano-
ther cycle of overexpression was set up. A new media was used: ZYP-5052, an auto indu-
cible media which relies on the presence of different energy source to grow cultures at 
high optical densities. New cultures were tested at 3 different temperatures, 20°, 30°, 37°C 
and at different time point: at 30° and 37° at 2, 4, 6, 8 hours and over night and at 20° C. 
Same strains were used. 
At 2 and 4 hours no protein expression could be detected. In figure 8 fractions from cultu-
res grown at 30°C and 37°C at 6 and 8 hours. Proteins expression can be seen in different 
conditions in the soluble fraction, but the amount of wanted proteins is still too low to at-
tempt purification. 
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Figure 8: overexpression in ZYP-5052 over 6 and 8 hours and at 30°C (gel A) and 37°C (B).

In figure 9 overexpression of cultures grown at 37°, 30° and 20°C  over night is showns. 
Overexpression in the soluble fraction can be detected at 30°C and 20°C for LdtA2 and at 
20°C for LdtA1. Therefore 20°C was chosen as the temperature to continue with. The 
amount of proteins overexpressed over night was not enough to continue with the purifica-
tion. Cultures were grown at 20° over 1 day, 1 day and a half, 2 days, 2 days and a half 
and 3 days.

Figure 9: gel showing overexpression of LdtA1 and A2 in ZYP-5052 at 20°, 30° and 37°C over night. The 
bands highlighted with red circles are LdtA1 and LdtA2 over expressed in soluble fraction. Even though the 
bands are faint, there is no overexpression in the membrane fraction. 
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Figure 10: LdtA1 (gel A) and LdtA2 (gel B) overexpression in ZYP-5052 after 1 day 1 day and a half, 2 days, 
2 days and a half and 3 days. Even though inclusion bodies are still forming, overexpression in in the cyto-
plasm is high enough to proceed with the purification.

As can be clearly seen in figure 10, proteins are expressed in large amounts in the soluble 
fractions in various conditions, but overexpression after 2 days reached satisfying amounts  
in the shortest time. 

LdtA1 and LdtA2 purification and quantification

Once Ldts were expressed in the soluble fraction, purification was performed as described 
in the materials and method section, and confirmed on SDS-PAGE gel 10% (Figure 11). 

Figure 11: gel showing purification of LdtA1 and LdtA2. First two columns of the gel after the Molecular 
Weight ladder are the flowthrough fractions of the purification process.

Quantification of purified proteins is performed according to BioRadTM Protein Assay21 pro-
tocol. BSA was used as a standard. Final concentrations of LdtA1 and LdtA2 are respecti-
vely: 0.89 mg/mL and 2.64 mg/ml.
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In vitro reactions: LdtA1 and LdtA2 activities at different temperatures and D-Methionine  
incorporation

In vitro reactions are run in triplicates, with LdtA from Vibrio cholerae serving as a control 
for the reaction. Proteins are also run in the absence of substrate and the substrate, M4, is 
run in absence of the proteins (first two rows of figure 12). The two latter controls are per-
formed before every reaction and every condition, but they are shown only in figure 12.
First in vitro reactions were performed during one hour and overnight at 30°C, temperature 
at which Photobacterium has optimal growth conditions. M4 was used as substrate.
Looking at the chromatograms in figure 12, it can be clearly seen how LdtA2 is way more 
reactive than LdtA1. Not only LdtA2 enzyme forms a D34 , but it also catalyses the orma-
tion of a trimer.

Figure 12: chromatograms of LdtA, LdtA1 and LdtA2 in absence of M4, M4 in absence of the proteins and  
at 30°C after 1 hour and overnight. First peak to appear is M4, the second is D34. The third small peak in 
LdtA2 chromatograms is a trimer of unknown structure.

Next, proteins were tested at 37°C: at this temperature both proteins show less activity 
then at 30°, even though LdtA2 still forms D34 at higher concentration than LdtA1. 

Figure 13: chromatograms showing LdtA, LdtA1 and LdtA2 reactions with M4 at 37° during one hour and 
over night.
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At room temperature enzymes go back to reactivities similar to those observed at 30°C, 
but LdtA2 does not form the tripeptide.

Figure 14: chromatograms showing LdtA, LdtA1 and LdtA2 reactions with M4 at room temperature during 
one hour and over night. 

As previously mentioned, Ldts can incorporate non canonical D-aminoacids in bacterial 
cell walls. In particular the D-aminoacid is exchanged with the D-Ala in position 4 of the 
tetrapeptide chain. To test if Photobacterium damselae’s Ldts retains this activity, reactions 
with M4 and D-methionine were set up at 30°C for 1 hour and over night. 
Both LdtA1 and LdtA2 add D-met to M4 and then use the M4M to form a D34M. LdtA2 acti-
vity remains higher then LdtA1, but it also increases sensibly, depleting completely M4 du-
ring the over night reaction (figure 15).

Figure 15: D-methionine incorporation at position 4 of L-Ala-D-Glu-meso-DAP-D-Ala and formation of a 
D34M. D-met incorporation is performed at 30°C.
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Discussion

LdtA1 and LdtA2 overexpression

Overexpression and purification of LdtA1 and LdtA2 from P. damselae was successfully 
performed. The pET22 system is commonly used to overexpress proteins, but it did not 
deliver a satisfying result for the transpeptidases of interest. The pET22 system relies on 
the T7 promoter, which is the promoter for the T7 bacteriophage RNA polymerase. This 
polymerase has very low error rate and a high transcription rate. It also terminates trans-
cription less frequently than other polymerases and is very selective for its promoter, ensu-
ring high expression levels with minimal errors22. The T7 promoter is under the control of 
lacI, the lac repressor; this factor represses transcription of downstream gene thus provi-
ding a switch on/off “button” for T7 polymerase, which can be activated in the presence of 
lactose or mimicking molecules, such as IPTG. So the pET22 vector gives the possibility to 
express great amounts of protein at wanted optical densities. However, when proteins are 
overexpressed they can be toxic for the organism, which will then segregate them in inclu-
sion bodies. Inclusion bodies are cytoplasmic aggregates the organism uses to counteract 
an accumulation of heterologous proteins. Purifying proteins from these formations pre-
sents several challenges and often proteins secluded in them are only partially folded 23.
In 2005, Studier developed a method to auto-induce protein expression in systems using 
T7 polymerase to reach high optical density in cultures24. The auto-inducible media deve-
loped by him relies on repression of protein transcription during log phase and auto-induc-
tion when the culture reaches saturation. ZYP-5052 is a rich auto-inducible media and it 
contains three different substances that work as energy sources: glucose, glycerol and 
allo-lactose. When glucose is available lacI is repressed, therefore inhibiting protein ex-
pression until it gets depleted. Glycerol supports growth as well but it doesn’t bind the lac 
repressor, thus enabling induction. In this way, cultures grow to much higher densities. 
This does not prevent inclusion body formation (see figure 7A,B) but since the number of 
cells is so high in stationary phase this technique makes it possible for at least a fraction of 
them to overexpress proteins in non-toxic amounts. 
Tuning induction with different media and working at different temperatures, over different 
times (figures 6, 7, 8, supplementary materials), made it possible in this work to purify 
LdtA1 and LdtA2 regardless of inclusion bodies formation.

LdtA1 and LdtA2 activities

In vitro tests conducted verified that both purified proteins are functional. However, in all 
different conditions, LdtA2 has consistently been more active then LdtA1. Differences in 
activities between Ldt paralogs are well documented. In Mycobacterium tuberculosis LdtM-
t1 and LdtMt2 follow a similar pattern to the one observed with LdtA1 and LdtA2: LdtMt2 is 
responsible for almost all transpeptidation activity in Mtb, whereas LdtMt1 shows little if no 
activity at all. Looking at expression levels of LdtMt1 and LdtMt2 it was found that the se-
cond is expressed constitutively in greater concentrations than the second25. In E. coli 
YcbB and YnhG are the two LD-transpeptidases responsible for D34 synthesis, but YcbB 
is sufficient for the formation of 3-3 crosslinks26. This enzyme also catalyses the formation 
of a trimer containing two 3-3 crosslinks, which could be the same formed by 
LdtA2. LdtA1 and LdtA2 expression levels should be checked to see whether LdtA2 is ex-
pressed constitutively while LdtA1 is not expressed. If they are both expressed in similar 
amounts then a different role of LdtA1 should be investigated. Different conditions should 
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also be tested, to check if LdtA1 activity is triggered in particular situations, for example 
different non-canonical D-amino acid incorporation, antibiotic presence, different concen-
trations of substrate and different kind of substrates, such as the entire sacculi or a diffe-
rent muropeptide.
Difference in activities at different temperatures are consistent with P. damselae’s envi-
ronmental background: being a marine bacterium and a fish pathogen, room temperature 
and 30°C are better conditions rather then 37°C. It is interesting though to observe that 
LdtA1 retains same levels of activity at 30°C and 37°C, when LdtA2 activity gets way lower 
at 37°C.
D-methionine incorporation shows how LdtA2 activity is higher in this condition than in any 
of the other tested. This result is consistent with what has been observed for LdtA from V. 
cholera and with Gly incorporation by YcbB of E. coli 18,26 .

Conclusion

This project’s aim is to develop a purification method for LdtA1 and LdtA2 from Photobac-
terium damselae and to characterise their activities in different conditions. In this report an 
optimised procedure for LdtA1 and LdtA2 overexpression thorough ZYP-5052 auto induci-
ble media is described. Ldts’ in vitro reactions confirm previously found properties of these 
proteins. Further characterisation of kinetic parameters and behaviours in different condi-
tions from the ones tested may help shed some light on the biological role of LdtA1. 

Future perspectives

Ldts have been linked to antibiotic resistance since their discovery. They provide an alter-
native path for PG synthesis to Penicillin Binding Proteins, main target of beta lactam anti-
biotics. These antibiotics relies on the similarity between their structure and the D-ala D-
ala dipeptide present in the end of the chain of the PG precursor and substrate of PBPs. 
But Ldts substrate is not the D-ala D-ala dipeptide, therefore beta lactam antibiotics are 
not effective on Ldts13. 
Ldts are also involved in D-aminoacids incorporation in the cell wall. The effects of this 
phenomenon is still a mystery in many aspects, but it has shown to trigger biofilm disas-
sembly. Not only, D-aminoacids also seem to be involved in interspecies regulation as si-
gnalling molecules8. If D-aminoacids are really involved in biofilm formation they could 
provide a new approach for the treatment of infections of antibiotic-resistant strains. 
Ldts involvement in antibiotic resistance and D-aminoacids incorporation makes them a 
promising research topic for the future. 
This project gives for the first time a small but valuable insight of Photobacterium damse-
lae’s LdtA1 and LdtA2 activities, providing a good starting point for further research on 
these two enzymes and on Ldts in general.
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Protein alignments of LdtA from V. cholera with vda002324 and vda001980
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