Identification d’une nouvelle famille de PBPs chez des
cyanobactéries, une famille de protéines homologues aux [3-

lactamases de classe A :

Sur base de leur similarité de structure et derdsgnce d’éléments conservés dans leur site
actif, les PBPs et le&lactamases de classe A sont des enzymes phyligés@ent liees, et
partageraient un ancétre commun. Cependant, unichéwolutif possible menant d'une
faible activité d’hydrolyse dg-lactames, caractéristique des PBPs, a une aatiViy@rolyse

10® fois plus rapide caractéristique d’ufidactamase est difficile & réaliser. Une raison de
cette difficulté réside trés probablement dansivardence importante en termes de séquence
entre ces deux types d’enzymes. L'objectif de qatteniere partie est la caractérisation d’'une
PBP, la plus similaire aug-lactamases de classe A et ce, afin de mieux comdpreles

schémas évolutifs menant d’'une activité a une autre

Une série de recherches de type Blast nous a pdiiaéstifier dans des génomes récemment
séquences différentes familles de protéines phylétiguement plus proches dégs
lactamases de classe A que les PBPs connues. Pegnfiamilles de protéines, nous nous
sommes particulierement intéressés a une famille pd#éines exprimées chez les
cyanobactéries et comportant une délétion de G&acdinés dans une région de la protéine,
importante pour l'activité deglactamases de classe A, et généralement appealéeiia De
plus, cette boucle ne comporte pas de résidu degaivau Glygs desp-lactamases de classe
A, une base catalytique essentielle. Alors qudupart des protéines de cette famille ont été
annotées "putativg-lactamase" sur base des recherches de type Rlasirament utilisées
lors de séquencages de génomes pour attribueronogdn & un gene, les deux différences
notées dans la boucl@ suggérent plutét que ces protéines sont des PR#I*8s une étude
d’alignements de séquences, nous avons choisidiggtles caractéristiques biochimiques
d'une de ces protéines, la PBP-A d@bermosynechococcus elongatiun des critéres de
choix pour cette PBP est sa thermostabilité qufaéinun candidat plus apte a tolérer les
mutations et donc plus apte a des expériences ldt&mo dirigée (1).

L’expression recombinante et la purification de PBRous ont permis de réaliser une série

de tests biochimiques mettant en évidence l'agylatie 'enzyme par la pénicilline et la
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faible activité pénicilline hydrolase de PBP-A, itype d’'une PBP. Bien qu’'une activité

d’hydrolyse de substrats de type peptidigue n'aitéfre observée, la capacité de PBP-A a
hydrolyser des substrats thiolesters synthétigwesacnment utilisés pour caractériser des
DD-peptidases suggere qu’il s’agit d'une DD-carljmegytidase tres spécifique. L'étude de
mutants ponctuels de la protéine a permis de miauxctériser la protéine, nous renseignant

sur les éléments impliqués ou non dans son acpeitécillinase.

Enfin, lintroduction d’'un glutamate dans la boucd a la place du résidu aligné avec le
Gluygs desp-lactamases de classe A a permis d’augmenterdasatde désacylation de I'acyl-
enzyme formé avec la benzylpénicilline d’'un fact®® Les parametres cinétiques de ce

mutant ont été étudiés en détails.

L’ensemble des résultats obtenus a permis de negttéyvidence une nouvelle famille de DD-
peptidases, la plus proche detactamases de classe A connue a ce jour. Cettenpté
phylogénétique devrait permettre de réaliser plaénaent I'évolution dirigée d’'une de ces

enzymes vers unglactamase.
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Abstract

It is largely accepted that seriglactamases evolved from some ancestral DD-pemidas
involved in the biosynthesis and maintenance ofttaeterial peptidoglycan. DD-peptidases
are also called penicillin binding proteins (PBBisice they form stable acyl-enzymes wjth
lactam antibiotics such as penicillins. On the pthend,s-lactamases react similarly with
these antibiotics but the acyl-enzymes are unstahbk rapidly hydrolysed. Besides this
mechanistic difference, all known PBPs ghthctamases share very low sequence similarity,
thus rendering it difficult to evolve a PBP into flactamase by directed or random
mutagenesis. In this study, we identified a newilfaf cyanobacterial PBPs featuring high
sequence similarity with the most widespread chagslactamases. Interestingly, tli2loop,
which, in theg-lactamases, carries an essential glutamate indohvéhe deacylation process,
is six amino acids shorter and does not containghumamate residue. From this new family
of proteins, we characterised PBP-A fr@rhermosynechococcus elongatrsd discovered
hydrolytic activity with synthetic thiolester thate usually good substrates of DD-peptidases.
Penicillin acylation and deacylation rates that @raracteristic of PBPs were also measured.
In a first attempt to generatelactamase activity, a 90 fold increase in deaoytatate was

obtained by introducing a glutamate in the shaf2doop.
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Introduction

D-alanyl-D-alanine peptidases are enzymes invoindlde synthesis of the peptidoglycan, the
bacterial cell wall constituent which is responsifidr the cell shape and resistance to osmotic
pressure (2). These enzymes catalyse transpeptidatid carboxypeptidation reactions, thus
controlling the peptidoglycan synthesis and crokstig. As a result of the acylation of their
catalytic serine, these enzymes form stable acxjrees with/lactam antibiotics such as
penicillin, the stability of these complexes bemtghe origin of the antibiotic effect. Hence,
DD-peptidases are also called “Penicillin-Bindingteins” or PBPs (3,4). PBPs are divided
into two main groups: the low-Mr PBPs are monofioral catalytic entities (5) and the high-
Mr PBPs comprising an additional N-terminal dom@h To counteracf-lactam antibiotics,
some bacteria produg¢gelactamases (7-9), which are enzymes able to hyskegbenicillins up

to 1@ times faster than PBPs. According to their primsrycture, sering-lactamases can
be divided into three classes: A, C and D (clasBstituting a group of metallo-enzymes).
The penicillin-binding module of DD-peptidases afidactamases share a similar three-
dimensional structure composed of two domains, |lar @omain and ar/f-domain, the
catalytic site being at the interface (8). The ¢hcemmon essential motifs of the active site
are, following Ambler numbering (10),76XXK containing the active nucleophile serine,
S13o(Y)XN on a loop in the alle domain and Kz4R)S(T)G on g3sheet forming the opposite
wall of the catalytic cavity. Regardingjlactamases, the rapid hydrolysis of the penicilloy
enzyme is performed by a water molecule activate@rb additional enzymatic element. In
class Af+lactamases, this role is carried out by a strictigserved Ghgs (11) situated on a
16-residues loop (Arg+Aspi79) usually referred as th@-loop (12,13).

On the basis of sequence similarities, it was psedahat each class of PBP is subdivided
into three subclasses, some of which are relatedpezific classes of+lactamases (3).
Sequence alignments and comparative analysis cfttbetures and the reaction mechanisms
indicate that these enzymes are phylogeneticalketi (4,14,15), and that each classgof
lactamases evolved most probably from an anceBiBd#, bringing to the active site an

efficient catalysis mechanism for the deacylati@action. The low-Mr class C PBPs,
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including PBP4 fronmE. coli andActinomaduraR39 are believed to be the phylogenetically
closest PBPs to class A*lactamases even though sequence similarities arost
undetectable (14). Hence, despite a similar orgiois of the catalytic sites, the evolutionary
pathway has disappeared and the precise struettdathemical elements that are required in
the different reactivities towarg&lactams are still misunderstood.

In this work, we identified a new family of PBPs @yanobacterial genomes featuring the
highest sequence similarity to class Alactamases ever reported. The protein of the
thermophilic Thermosynechococcus elongatuas chosen for biochemical characterization.
After cloning, expression and purification, the gein was examined for hydrolytic and
aminolytic activity towards various substrates, dod g-lactam reactivity. Based on the
sequence alignment with classfAactamases, a few mutations were introduced vaghaim

of increasing thes-lactamase activity. The single mutationsde in the shorterQ-loop

afforded a 90-fold improved deacylation of the péiayl-enzyme.
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Figure 28: phylogenetic tree representing the femibf proteins with variations in th@-loop size, LMW class A and C PBPs, and clasg-lactamases. Alignment was
generated using T-coffee alignment program. Phyletie tree was then constructed using the neighjoining method. For proteins with variations iretf¥-loop size,

corresponding numbering can be found in Tablénhex 1.
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Results

Comparison of PBP-A with [Flactamases.

[lactamases evolved from DD-peptidases by acquitiegmachinery for deacylation of the
penicilloyl-enzyme. Besides the three conservedensus motifs, class Alactamases have
an -loop of strictly conserved size containing a ghuéde in position 166 that is also strictly
conserved. This residue acts as a general baserioe activation through a water molecule
for acylation leading to formation of an acyl-ena/mmtermediate. Glds then activates
another water molecule that attacks the carbontth@fpenicilloyl-enzyme leading to enzyme
deacylation (12). Moreover, amino acids mutatianshie Q-loop have a marked impact on
substrate specificity (16-18). While substituti@ml insertions can occur naturally giving rise
to extended spectrum lactamases (19,20), deletia@ne only genetically engineered until
now (21,22). One main difference betwgglactamases and DD-peptidases is the absence of
such conserved loop and consequently of a residcie as Gluss for catalysing hydrolysis.
Another difference is that all known DD-peptidas#s not show significant sequence
similarity to flactamases.

For understanding the evolutionary pathway leadiiomm PBPs tg3-lactamases, we searched
for homologous sequences for which tlkieloop was not as well conserved as fh
lactamases. In this way, we identified several fugdactamases, most of them from recently
sequenced genomes, with variations in &4oop length, but all of them having the three
other motifs SXXK, SXN and KS/TG conserved. Muléphlignment with these proteins,
some LMW class A and C PBPs, and clasgkactamases were generated using T-coffee,
and a phylogenetic tree was created (Figure 28)tH#® purpose, raw protein sequences were
manipulated. The putativ@-loop of each protein was removed in order to pneaignment
upon theQ-loop size, that could introduce a bias. Putatieguence signal, transmembrane
segments or insertions at the extremities of treeprs, possibly introducing noise in the
alignment, were removed. Finally, large insertitmosn LMW class C were removed on basis
of structure comparison with class Alactamases. It is important to note that LMW PBPs
could only be aligned correctly when all the mafagions were done, whereas all other
proteins aligned well with class Alactamases using the raw sequences.

Several groups are formed on basis of sequencdsasiims (indicated by coloured leaves on

Figure 28), and the average distance from one grouanother can be evaluated by
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measuring the distance between families diverg@odets. A whole family of ten putative
class ABlactamases from cyanobacteria with a 6 amino-atgdistion in the region of th@-
loop emerged. Since all ten proteins were misdiegessential Glgs, and this shorter loop,
these proteins were suggested to be PBPs. Thegavdistance of this protein to classGA
lactamases is lower than the distance from theestoBBP homologs lik&. coli PBP4 or
ActinomaduraR39 peptidase. A multiple alignment is shown igufe 29 with cyanobacteria

proteins family, and some classfAactamases of known structure.
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Figure 29 : Sequence alignment of 13 family proteins and somg@lactamases of known structure. Residues
identical or similar, according to BLOSUM 62 mairixnd over a threshold of 90%are coloured. Conserve
motifs are in magenta boxes in the following ord&XXK, SXN, and KT/SG and2-loop is in purple box.
Numbering corresponds to that of TEM-1. gglis highlighted in magenta.
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The N-terminal part corresponding to putative segeesignals of the2-6 family and few
residues of the C-terminal end were removed orptbire. Whereas with usual PBPs this
kind of alignment is difficult to achieve becaudesequence insertions in PBPs, in this case
the proteins are well aligned. There is high residorservation inside the family itself, and
between the family and class/Alactamases. Particularly, three regions corresipgnic the
three essential motifs are conserved, the differeyging in the-loop deletion, and in one
residue deletion on either side of the KT(S)G madiénce we suggest that this new family of
PBPs is the most homologous to classfAactamases ever studied. Preliminary studies
(Annex 2) allowed us to focus on the putative laciae ofThermosynechococcus elongatus
BP-1. The polypeptide deduced from the nucleotidgusence of PBP-A consists of 368
amino acids. Global alignments of PBP-A penicilloinding (PB) domain (roughly
corresponding to amino acids 93 to 368) were aedev at
http://www.ch.embnet.org/software/LALIGN _form.htnilhe only PBP that could be more or

less correctly aligned with PBP-A entire PB domwaiais P. aeruginosaPBP5 with 17,8 %
identity, however, alignment after KTG was very padggesting that the identity is even
lower. Global alignments witk. coli TEM-1 andP. aeruginosaPer-1 class AG-lactamases
were better with 24,1 and 24,9 % identity, and ttiree motifs were very well aligned. It is
interesting to note that a global alignment wRthaeruginosaPBP5 ancE. coli TEM-1 gave
17,7 % identity over the whole proteins and wadpatigned at the C-terminal end, as with
PBP-A. This suggested that PBP-A was phylogenétickbser to class AG-lactamases than
to PBPs.

Cloning and expression of PBP-A protein and mutants.

Our initial attempts to clone the full-length PBP#Ato pBAD-myc-HisB-Tet succeeded;
however, protein expression i coli Top 10 was undetectable by western-blot. Depending
whether the option Grahor Gram was chosen, a signal sequence with cleavageediteebn
Ala-66! Ala-67 or Ala-92 Pro-93 respectively was predicted with a low sdoyeSignalP.
Proteomics studies of Synechocystis sp PCC 6808edhthat in some cases, start codons for
periplasmic proteins were badly assigned by CyaseRa3). There are several methionines
in the N-terminal sequence of PBP-A, suggesting ithmay be the case for this protein. We
tried to express the protein, starting at the thimdthionine M28 (for which the signal
sequence score was higher), but protein expresgsnundetectable too. We then submitted

the protein sequence to Toppred transmembrane segmgrediction program. A
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transmembrane segment from residues 58 to 78 eascped with high certainty, allowing us
to suppose that the protein is membrane anchomrdsaactive in the periplasmic space (
Figure 30).

1 50 100 150 200 250 300 350 368

667 9293 ! ! ! ! L
| |

A v

1 2128 68 — _
——

Class Af-lactamase dome

Figure 30: schematic representation of PBP-A pnotButative starts are indicated by a black arf@utative
transmembrane domain is in dashed zone and propaptelase cleavage sites are indicated by redvarro

Thus the coding sequence from Pro-93 to the C-termmivas cloned in frame to a myc-tag
and a (His}tag. Soluble expression of the tagged proteirhedytoplasm was possible and
PBP-A was purified as described in ExperimentakcPdorres with a final yield of 0,4 mg of
protein per litre of culture. The protein migrated SDS-PAGE under 35 kD molecular
weight marker (Fermentas) in agreement with theutaled molecular weight of 32770,4 Da.

All mutants were expressed under the same condjtemd were obtained as pure proteins.

DD-Peptidase and D-aminopeptidase activity of PBP-A

DD-carboxypeptidase activity was assessed by intdp&BP-A with Ag-Lys-D-Ala-D-Ala
and D-Ala-D-Ala substrates. Using an assay fordéction of D-Alanine, no hydrolysis of
these compounds was observed at room temperatataly@ hydrolysis of AgLys-D-Ala-
D-Ala was absent at 55°C, the optimal growth terapge of T. elongatus The same
negative results were obtained with D-Ala-paramitibde, a substrate used for the D-
aminopeptidase activity oDchrobacterium anthropi one member of the serine PRE
(Penicillin Recognising Enzymes) family (24,25)n&lly, after 30 min preincubation with
Acy-Lys-D-Ala-D-Ala or D-Ala-D-Ala 0,5 mM, PBP-A retaed its full reactivity towards
penicillin G, indicating that in these conditiotiise protein does not form any stable covalent
complex with these D-Ala substrates.

Hydrolysis of thiolester substrates at 37°C waseoled for both thioglycolates and
thiolactates, with a preference for substrates waiinine instead of a glycine (Table 5).
PhacATI is a diastereocisomer mixture of Phac-D-Mdarhio-L-Lactate and Phac-D-Alanyl-
Thio-D-Lactate. The results show that PBP-A is #mefor the D-Alanyl group and has a

marked preference for one thiolactic stereoisofBP-A was also found to be very active on
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one enantiomer of the racemic S2d substrate, masaicly the D-Alanyl-Thioglycolate
given the previous result on PhacAtl. No activitgsadetected on the L-Alanyl-Thioglycolate
isomer indicating a strict D-stereospecificity dratt carbon. A lower specificity observed
with the racemic Glycyl-Thio-(D,L)-Lactate S2c stdase indicates a more tolerant
recognition on the leaving group side. Hydrolydfficeency of thiolester substrates is very
variable among PBPs, hydrolysis rates apdKs, were lower forStreptomyce«15 DD-
peptidase, which is homologous to clasg-lactamases and catalytic activity was in the same

range forStreptomyceR61, but the i was smaller (26,27).

PhacATI S2c S2a S2d X
D-X D-Y X Y
WT Keat (Y > 477 >0,1 >6,6 >0,21 >77 > 52
K m (MM) >1,5 >1,5 >1,5 >1,5 >3 >1,5
KealKm (M1sY) | 3,18.14 66,6 4,38.1d 1,4.16 2,58.16 3,47.10
PBP-A-A Keat (%) ND ND ~0 ~0 ~0 0,01
K m (MM) ND ND ND ND ND >1,5
KeatdK m (M) ND ND ~0 ~0 ~0 10,2
Leu;sGlu Keat (81 >8,43 >0,23 0,35 0,024 0,35 >58
K m (MM) >1,5 >1,5 1,3 1,3 2,2 >1,5
KealKm (MLs? | 56216 1,53.16 2,68.16 18,7 1,6.10 3,89.18
Streptomyces  kea (S 0,6 0,017 > 0,024 0,11
K152
K m (MM) 1,2 0,22 >3 1,5
KeadK m (M) 4,6.1G 75 8 75
Streptomyces Keat (SY) ND 5 5 70
R61’
Km (LM) ND 50 50 100
KealKm (M8 ND 1.10 1.10 7.10

Table 5 : interaction of thiolester substrates VABP-A and PBP-A-lsE at 37°C. X and Y are the two possible
racemic forms of the substrates. ValuesStreptomyce&15 and R61 are from (26)and (27) respectively. No
catalytic activity could be determined for the ¥rgtoismer of S2d substrate. ND means Not Determined

Hence, these kinetic values for PBP-A are typidaD®-peptidases suggesting that this
protein is a DD-carboxypeptidase. Aminolysis in firesence of D-Alanine acceptor could
not be determined, due to the high, Kbserved with all substrates, hence transpeptidase
activity could not be evidenced. The limiting stiep PBP-A with thiolester seemed to be
acylation, and may be an explanation for the alsefidBP-A reactivity with peptidic D-

Ala-D-Ala substrates in the range of concentratiosed.
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[lactamase activity of purified PBP-A.

PBPs incubated with a radioactiydactam form a covalent complex that can be vizeali
following SDS-PAGE and autoradiography (28). PBRaIld be visualised as a large band
by autoradiography, indicating that PBP-A gene desoa PBP. PBP-A was also able to
slowly hydrolyze Penicillin G with d = 2,7.10° s* at room temperature, and 3,8%1" at
55°C. The kinetic parameters ¢fC]-Penicillin G hydrolysis by PBP-A were also deténed
and compared to kinetic constants of TEM-1 and sloweMr PBPs (Table 6).

Cluster Mr (kDa) KKs (M*sh ks (1)
PBP-A 5 40
Truncated PBP-A? ' 30 1,7.1d 1,55.10°
Class A
TEM-1 31,5 2,4.10 1500
[Flactamase
PBP4 E. coli) Low-Mr class C PBP 49 7.10 4.10"
R39 (Actinomadura) Low-Mr class C PBP 50 3.%0 3.10°
PBP5 . coli) Low-Mr class A PBP 34 390 7,870

Table 6: molecular weight and constants of acytafie/Ks) and deacylation gk of Penicillin G for PBP-A at
RT, TEM-1 (29), PBP4 fron. coli andActinomaduraR39 (30) and PBP5 frofa. coli (31) at 20°C. a - The
molecular weight given for PBP-A are the theordtigwlecular weight of the full-length protein anbet
molecular weight of the truncated protein usedia study.

The key element in PBPs neutralisation #actam antibiotics is the high acylation rate
followed by a slow deacylation rate making the amytyme stable and allowing fast
inactivation. Large variations in the kinetic carss can be observed, the highe#t& value

of 3.10¢ M™.s* observed imMctinomaduraR39 can be 2 orders of magnitude lower in some
PBPs. In the same way; &an range between $@nd 1 s* (32,33). By comparison, one of
the besi?lactams catalysts, TEM-1 frof. coli, has an acylation rate 4 6.1¢ higher and
the deacylation rate is 16 1¢ times faster. The kinetic values of PBP-A areffam being

in that range and with such a molecular weights firiotein can be clustered in the low-Mr
PBPs family.

To determine thg-lactams sensivity profile of PBP-A, we spectrogmoétrically followed
hydrolysis of different lactams at 55°C, at the rayppiate wavelength (Table 7). The protein
shows a higher hydrolytic activity with penicillinbhan cephalosporins, comparable to the

substrate profile of most class/Alactamases (17).
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Antibiotic keat (ST

substrate PBP-A PBP-A-LssE

Penicillins

Penicillin G 3,8.10 92,9.10°

Ampicillin 1,8.10° 58,7.10°

Amoxicillin 1,3.10" 2.10*
Cephalosporins

Cephalotin <18 4,3.10%

Cefotaxime <18 5,4.10%

Cefoxitin <10 <10°

Nitrocefin * 4.10° 2.10°

Table 7: Substrate profiles of PBP-A and PBP-AJE mutant at 55°C. * Nitrocefin experiments were atn
25°C because of nitrocefin sensitivity to heating.

The penicillin degradation products released by PBRere also examined. It has been
shown that benzylpenicillin fragmentation in PBR& ©ccur at the C7-N4 or C5-C6 bonds,
releasing penicilloic acid or phenylacetylglycinedaN-formyl-D-penicillamine respectively,
whereas the only product frofitlactamases is penicilloic acid (34-38). In the expents
carried out with StreptomycesR61 DD-peptidase, phenylacetylglycine may be adlir
breakdown product of the acyl-enzyme and N-formypéhicillamine may be a secondary
product from hydrolysis of D-5,5-dimethy,-thiazoline-4-carboxylic acid (Annex 3)
(34,38). Release of D-5,5-dimethid-thiazoline-4-carboxylic acid can be followed at725
nm and appearance of free thiol groups from N-fdsBrpenicillamine can be kinetically
followed by using Ellman’s reagent (39). For PBP-Acubation with benzylpenicillin
monitored at 257 nm showed a first phase with aremse of the absorbance and a second
phase where the absorbance slowly decreased. dhesevations suggest the formation of a
product during the first phase followed by its deation, similarly to the transient
accumulation of D-5,5-dimethy2-thiazoline-4-carboxylic acid observed for somePBB
Apparition of free thiols was also evidenced uditignan’s reagent. A time dependent first
order increase was preceded by a short lag phaggesting the release of N-formyl-D-
penicillamine. When extrapolated to the time reegifor complete penicillin degradation, the
free thiols represented 10% of the starting berayilpllin concentration. Thus, penicillin
degradation in PBP-A seems to occur via the twbways, hydrolysis of the C7-N4 bond
being favoured.
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PBP-A-D;s0A PBP-A-S¢;A and PBP-A-A mutants.

An aspartic acid in position 160 is the only weatinserved acidic residue in the shor@r
loop of the PBP-A family. For testing its possibtolvement in the protein activity, we
expressed the mutant AgpAla, and spectrophotometrically measured the pHinici
degradation activity. There was no loss of actjveiyggesting that Asg is not involved in

the penicillin degradation mechanism (Table 8).

PenG* ka/Ks (Kac) ks Keat S™ Keat S™
Binding Mts? st 50°C e Nitrocefin
PBP-A Yes 1,07.16 1,55.10° 2,7.10° 3,8.10° 4.10°
PBP-A-DigA Yes ND ND ND 3,4.18 ND
PBP-A-S:A No 0 ND 0 ND ND
PBP-A-A Yes 2,8.16 4,25.1¢* ND ND 5,93.10
PBP-A-LE Yes 1,56.18 1,44.10 1,42.10 92,9.10° 2.10°
PBP-A-LsD Yes ND ND ND 3,4.16 ND
S-PBP2x ND 1-2.16 3,3.10° ND ND ND
S-PBP2x ND 2,5.1d 3,68.10° ND ND ND
PhesscAsp
TEM-1 ND 8,4.10 1500 ND ND ND
TEM-1 E 6N ND 4,5.16 5,2.10° ND ND ND

Table 8: characteristics and kinetic paramete®RP-A and PBP-A mutants for hydrolysis of benzyipiim
and nitocefin at RT. #K; and k constants were calculated from time courses ofatiop and deacylation of
[**C]-Penicillin G, and k; was measured spectrophotometrically with Penic@iiat 232 nm or nitrocefin at 482
nm. Constants for PBP2x were taken from (4@)K& is given for pH 7 andskis given for pH 8, and TEM-1
from (41). ND = not determined

We assessed in the same way the rolesspbi®d the shorter2-loop. For this purpose the
S61A mutant was generated by site directed mutagerasisan2-loop deletion mutant from
Niss to Ti64 Was created by an overlap PCR (PBRY)AAs expected, PBP-As8A could not
hydrolyse thiolester substrates or bifdC]-Penicillin G, and no activity could be detected
spectrophotometrically with benzylpenicillin asubstrate (Table 8). As in all enzymes of the
Active Site Serine Penicillin Recognizing EnzymeS@RE) family (25), the serine 61 of the
SXXK motif is confirmed to be the catalytic residéeming the acyl-enzyme with the
penicillin and thiolester substrates.

The Q-loop deletion mutant thiolesterase activity wasirhe undetectable, even with best
substrate S2d (Table 5), but surprisingly, it wal capable to bind and slowly hydrolyse

penicillin. In class AB-lactamases, th€-loop is an essential structure for catalytic attiv
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and specificity towardg-lactam antibioticsBanerjee & al.studied the effects of th@-loop
deletion inStaphylococcus aureUBC1 Flactamase. The deletion from amino acids 163 to
178 had a severe impact on the protein structuck as the exposure of internal residues to
the solvent and the enlargement of the active Byemplying steric restrictions, th@-loop

is also involved in the formation of the oxyaniooldy an essential structural element formed
in the active site of serine enzymes for catalyBiwe loop deletion thus induced the loss of
the oxyanion hole. As a consequence, fsctamase mutant shows a decreased activity
against nitrocefin, is still able to bind cephalmsp type substrates but has completely lost
the ability to bind penicillins. For PBP-A; acylation rate for benzylpenicillin is decreased
by a factor 4 but deacylation is increased by @ofa8, and activity towards nitrocefin is
conserved (Table 8). Thus the-loop influences somewhat the protein reactivitythwi
penicillin, but do not seem directly involved irs itatalysis considering the slight activity

variations.

PBP-A-L ;55D and PBP-A-L;s5sE mutants.

Gluigs Which is strictly conserved in class Alactamases plays a critical role in both
acylation an deacylation as shown by mutationsE¥T1 severely impairing protein activity
(11,41). It was first shown bydachi & al. that mutating Glwss into GIn, Asn or Ala
abolished penicillin hydrolysis, but mutants wetid able to acylate the substrates. A more
quantitative study of BN mutant byGuillaume & al showed that deacylation rate is
decreased by 8 orders of magnitude for one of #st ubstrates benzylpenicillin, whereas
the acylation rate is also decreased but by omgd2rs of magnitude.

Chesnel & al (40) showed that mutating Pgof PBP2x, which occupies the same spatial
position as Gl in Slactamases, into an aspartic acid residue incdededeacylation rate
110 times. In the same way;skwhich is aligned with ks was mutated in either Asp or Glu.
Both mutants were still acylated by benzylpenigillWhereas no significant difference in
penicillin G hydrolysis rate was observed for PBR-AdD, the ki of PBP-A-LisgE was
increased by 24 times at 55°C and 50 times at rtmmperature, the acylation rate being
decreased by one order magnitude while deacyladitenis increased by ~ 90 times (Table 8).
A similar effect is observed in PBP-A and PBP2x wiaecarboxylic residue susceptible to
play the role of Gl is introduced in the appropriate position. If #hevas a doubt in the
place of the 6 amino acids deletion in the putal-A 2-loop, this experiment shows that

Leuw sg 0ccupies most certainly a similar position as;glin the class A3-lactamases.
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Concerning the hydrolysis of thiolester substraths, k, was decreased by 5 to 16 times
depending on the substrate. This mutant was alset&reospecific, and activity with the L-
stereoisomers was not affected by the mutation.

When looking at the fragmentation of benzylpenicitht 257 nm, ksE mutant showed a
decrease in the absorbance until reaching a platesaresponding to the normal penicillin
hydrolysis, and suggesting that no D-5,5-dimethf#thiazoline-4-carboxylic acid was
produced. This was confirmed by thiol titration wdeéhere was no reaction with Ellman’s
reagent, reflecting no release of free thiols amdist of N-formyl-D-penicillamine.
Introduction of LisgE mutation favours thg-lactamases mechanism, which, with the increase
in catalytic efficiency and the loss of activitywtards thiolesters, constitutes a first step in
PBP-A evolution into g-lactamase. Similar observations have been prelyi@iserved in
Streptomycef61 DD-peptidase when mutations were introduce@stiues of the catalytic
site, evidencing the close relationship of PBPs/flattamases, see Annex 3 (27,42,43).
Catalytic activity in a pH range from 5 to 10 was@ssed in both PBP-A and PBP-A-£
proteins. Catalytic parameters were determined émlythe mutant protein since complete
penicillin hydrolysis time courses could only beespophotometrically followed for this

protein (Table 9).

pH 5 pH 6 pH 7 pH 7.4 pH 8 pH9 pH 10
PBP-A keaelO* (s | 8.2 7,2 7,4 7,1 5,8 2,6 2,6
PBP-A-LsE kea10* (81 | 258 277 179 133 88,1 49,6 40,9
Km (UM) | 17,38 <10 <10 <10 <10 29,9 112,7
KealKm10°| 1,49 >277 >179 >1,33 >0,881 0,166 0,00363
M1tsh

Table 9 : variations of ¢ as a function of pH for PBP-A, and constant patanseof penicillin G hydrolysis
measured at different pH for PBP-AsfE at RT and determined by fitting complete time rees of
benzylpenicillin hydrolysis at 232 nm.

The discrepancies in.k observed for PBP-A at Table 8 and Table 9 may e td higher
room temperature, and in the inaccuracy of meaguwany low variations of absorbance. No
variations of activity were observed for both pmeseat acidic pH. When placed in such an
environment the carboxylic function ofdgtends to remain protonated but at pH 5, only 10%
of the protein may be protonated considering pKa fafr the carboxylic acid function, hence,
the results are concordant. At basic pH howeveg, hilgdrolysis rate of penicillin G is
decreased in both proteinsy, f PBP-A-LisgE protein was even more affected at basic pH,
hence inducing a decrease ig./Kmn, showing a perturbation in the protein acylation

efficiency. Two residues in the catalytic site havasable side chains that titrate at basic pH,
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Lyssa (Lyszs) and Lyszig (LySz234). Without mutant studies of these residues, tingiication
with the general mechanism of catalysis remairfgcdif to elucidate.

We wanted to assess whether 1sg8lu mutation was concomitant with a change in salest
specificity. As had been done for the wild typetpno, hydrolysis of different lactams at
55°C, was spectrophotometrically followed (TableT)e profile was exactly the same with a
preference for penicillins.

Finally, we measured theck of the proteins at increasing temperatures andedrahe

Arrhenius plot from which the activation energy bmth proteins was calculated (Figure 31).

-2 \
-3 *
y = -5002x + 15,6\\

3 R’ = 0,9903 ~ * PBP-A-L158E
£ 5 = PBP-A
-6 =
, y = -8279,8x + 10,764
R’ =0,9794
-8 B u
-9 T T T T

0,0029 0,003 0,0031 0,0032 0,0033 0,0034
UT (KH
Figure 31: Arrhenius plot could be constructed saemg PBP-A and PBP-A-ks ket at increasing
temperatures, from 25,5 to 62,5°C for PBP-A ancb 26,57°C for PBP-A-LsgE. If variation of In(ky) as a

function of 1/T is linear, the slope of the lineuatiEa/R where Ea is the activation energy and tReégerfect
gaz constant).

We found 68,8 kJ.mdlfor the wild type and 49 kJ.nibfor the mutant. This decrease of the

activation energy is consistent with the increaste reaction catalysis.
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Discussion

Physiological role of PBP-A.

High-Mr PBPs catalyse transglycolase and transgatbn reactions whereas low-Mr PBPs
do not synthesise peptidoglycan and are involvatsimodification by removing the terminal
D-Ala from pentapeptide side chains (carboxypeptdactivity) or by cleaving the peptide
crosslinks that hold the glycan chains togethendsittering the molecular weight, its probable
exportation to the periplasm, its ability to hydrsé thiolesters with good efficiency and its
activity towards fSlactams, PBP-A can be considered as a low-Mr weigD-
carboxypeptidase. Inability to hydrolyse AcLys-D-Ala-D-Ala and D-Ala-D-Ala only
reflects that these substrates may not be apptepoa that the protein may be active only
under certain conditions (see below).

Cyanobacteria cell wall shows an overall Gram riegastructure, the peptidoglycan is
thicker, the degree of cross-linking between thgtideglycan chains is higher (more similar
to the Gram positives’), teichoic acids characterief Gram positive walls are absent and
carotenoids are found, unlike Gram negative menmgzé#4). Although the cell wall structure
seems to be different from Gram positive or Gragatige bacteria, its chemical composition
has been shown to have no striking difference coetpi other bacteria (45), eliminating the
hypothesis of a very different substrate. Pentageptinvolved in cross-linking have shown
to contain onlyn-DAP (44), and that may explain the absence ofégton L-Lys substrate.
Moreover, it has been shown thiatvitro DD-peptidase activity of purified enzymes is never
as high as it should be on the basis of the prefeitysiological function, and optimal activity
for these enzymes may be obtained in a specific bn@me environment or specific
multienzyme complexes (46). The soluble forms ofPBBand 6 fromE. coli were also
reported to be inactive with Ad¢-Lys-D-Ala-D-Ala substrate (47,48). Finally, thariability

in activity towards Ag-L-Lys-D-Ala-D-Ala substrate in PBPs has been stddin relation
with 2-loop like structures. It was shown that some PB&g substrate specificity on the
third position of the peptide, and proteins witkharter2-loop structure like PBP5 may be
preferentially active if diaminopimelate is in tki@rd position whereas proteins with much
longer 2-loop like PBP3 fronStreptococcus pneumoniaely recognize peptides with a Lys

instead of a diaminopimelic acid (49).
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Without PBP-A, only four HMW PBPs and one LMW PBRvk been predicted in the
genome ofTermosynechococcus elongat(&0), and this may be sufficient for bacteria
survival. However, LMW PBPs that give the bactest@ape are underrepresented since
bacteria likeE. coli have seven LMW PBPs (51). Homologous proteinsBB-A are found

in all sequenced cyanobacteria. Their neighbougeges are variable from one genome to
another and do not give clues about the functioarddver, no mobile genetic elements are
found in the gene vicinity and this indicates ateguancient origin. Altogether, these
observations suggest that PBP-A may be an impoR@ntarboxypeptidase with specificity
for peptides with diaminopimelate in third positiaf the peptide. The high catalytic
efficiency of the protein with thiolesters enfordbe idea that the protein may have a role in

peptidoglycan maintenance.

Place of PBP-A in the PRPs

From a wide point of view, is it possible to assigBP-A to a specific PBP cluster ? The
biochemical characterisation of PBP-A and the priglary studies on Nostoc (Annex 2) both
indicate that these two proteins are LMW PBPs tated earlier. However, low-Mr PBPs are
usually membrane anchored since their C-termingl| pad high-Mr PBPs are linked to the
membrane by their N-terminal part (6,52). PBP-Ac&llular location predictions (TopPred)
suggested this protein would be with a highest @bdlty membrane anchored through its N-
terminal end. Subsequent analysis on all the pretiEmily gave the same results (data not
shown). Hence, we propose that we identified a faemily of low-Mr PBPs.

When searching for homologous proteins in GenBarnlew proteins of unknown functions
and the class A%-lactamases are the first hits with much betteresthan any known LMW
PBP. Interestingly, in the multiple alignment th®tgins of unknown functions display-
loops of various lengths. The phylogenetic tre&igure 28 represents the different proteins
with LMW PBPs, PBPs with variations in th2loop size and class A-lactamases. In the
case of proteins with 6 amino acids deleted contptrelass AG-lactamases, they all belong
to cyanobacteria. As two of them have shown to BB one can extend this characteristic to
the whole group and design these proteins as afarevly of LMW PBPs. Surprisingly, the
average distance from this family to class A or I@W. PBPs is higher than the distance to
class Af-lactamases. Hence, this family is the closesh&ofamily of class A5-lactamases
known today.

[lactamases are suggested to have evolved from BBP&n evolutionary process that

occurred in the PREs family is the emergence ofigien-receptors involved in the
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regulation of-lactamases expression. This kind of receptorsbieas identified irBacillus
licheniformisand Staphylococcus aureusr the induction of class A-lactamases (53,54).
They are composed of a transmembrane domain aedieilpn-sensor domain which shares
high sequence similarity with class @lactamases (53). For this reason, it is propobkad t
these receptors have evolved fron#-factamase. The penicillin sensor domain of theRBla
penicillin receptor oBacillus licheniformishas been characterised and shows high rate of
acylation (8,7.10 M.s') and a low rate of deacylation (1,4216") for benzylpenicillin,
implying a very rapid formation of acyl-enzyme. Fbegroteins have no activity on D-Ala-D-
Ala containing substrates or thiolester analog$. (Bbthe case of PBP-A, the acylation rate is
much slower (4 orders of magnitude), which is agfaafunction of sensor. Moreover, PBP-A
proteins have been identified in the genome ofsajuenced cyanobacteria. Finally, these
kind of receptors emerged for the regulationffctamases. In the case Bf elongatus
where no lactamase is clearly annotated in the gensuch a receptor would be an energy
waste. Hence, we suggest that PBP-A is not a ptadweyvolution of g&-lactamase.

According to Massova& Mobashery, evolution is not a linear process bwessd PBPs
would have evolved separately from a primordial RB® different classes gf-lactamases

in a parallel and independent process. In a ftegi,s?BPs would have acquired the ability to
catalyse deacylation of the acyl-enzyme. Thenattyation and deacylation processes would
have been improved by substitutions, insertiongl@etions to give rise to the todg
lactamases, some of them being almost perfect eszymAnother requirement in this
evolution process is the loss of PBP original aistito gain efficiency in the new function, by
incorporating structural features that disfavoueiaction with peptidoglycan. PBP5 frof

coli contains all the features of a PBP but also dyspén 2-loop like structure. On basis of
the protein crystal structure study, it was suggge#hat class AG-lactamases evolved directly
from a carboxypeptidase PBP5-like by incorporatuag amino acids in th&-loop that could
catalyse deacylation (like the couple GHAsm7), and replacing some residues that are
essential for DD-carboxypeptidase activity (56)r Egample, two hydrophobic residues on
PBP5 2-loop like are involved in accepting the methyl gpoof the penultimate D-Ala of
peptidic substrates and may be replaced for standrance of a peptidic substrate (56,57).
The characterisation of PBP-A allowed us to deteenthe essential roles of;Snd shows a
comparable penicillin hydrolysis rate as PBP&:(kalue at 55°C). The effects of thesiE
mutation is representative at a lower scale of lewelution leads from one PBP topa

lactamase: deacylation rate of the penicilloyl-eneyis increased by 90 times, activity toward
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thiolesters (representative of interactions witiptpglycan) is decreased and the penicillin
hydrolysis path has changed to mimic thap-ddctamases (only penicilloic acid seems to be
released). Based on the sequence alignment, thigy/ fahthe -6 proteins contains all the
specific features of class Alactamases excepted 6 amino acids infHeop, the essential
Gluies and two residues flanking the KT(S)G motif. In clusion, PBP-A is most probably a
DD-carboxypeptidase that belongs to a whole fariflyproteins with the same signature
sequence, all these proteins are expressed in dng branched bacterial species of
cyanobacteria, a single mutation tends to give ghatein lactamases properties, and the
phylogenetic analysis clearly reveals a close pniyito the family of class A3lactamases.
Altogether, these evidences indicate that thosefamdlies have a common ancestor which

was a missing link in the evolution of clasgZAactamases.
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Materials and methods

Chemicals and antibiotics. All Flactam antibiotics, D-Ala-D-Ala and Ad.ys-D-Ala-D-Ala
substrates were purchased from Sigma. D-Ala pacamilide substrate was from Bachem.
Thiolesters substrates were a kind gift from M.|&dlProfessor at ULG, in the Département
des sciences de la vie / Macromolécules biologigDégonucleotides were from Eurogentec,
with “fp” and “rp” standing respectively for formdrand reverse primer:

PBP-A-fp 5" TCGCCATGGCCGCTCCTGAGGCACC3

PBP-A-rp 5’CGTTCTAGAGGCGGCGAAAGTTTC3

D160A-fp 5’ ATCCGCTGCCGCCTATGAAGGGCACCT

D160A-rp 5GGTGCCCTTCATAGCCGGCAGCGGATZ

L1sgD-fp 5’AAATACGGTGATTAACAATCCGGATCCGGATATGAAGGGCACCAA3’
L15gD-rp 5TTGGTGCCCTTCATATCCGGATCCGGATTGTTAATCACCGTATTZ

LisgE-fp 5’'CGGTGATTAACAATCCGGAGCCGGATATGAAGGGC3’

LisgE-rp 5’ GCCCTTCATATCCGGCTCCGGATTGTTAATCACCGS

SeiA-fp 5’GTTTTTCCTGCCGCGGCTACGATTAAGTTTCS

S61A-1p 5’ GAAACTTATCGTAGCCGCGGCAGGAAAAACT

PBP-AA41 5’ AATACGGTGATTAACACCACCAGTCCCCGGT

PBP-A42 5’ ACTGGTGGTGTTAATCACCGTATTTTCTAAGC?

Alignment. The amino acid sequences for this study were reedvieom the ncbi database.
Multiple alignments were achieved with the prograr@offee (58), and edited using BioEdit
version 7.0.3 (59). Phylogenetic tree was constudty the neighbour joining method and
edited using Treeview.

Bacterial strains. Thermosynechococcus elongaBiB-1 was used as a source of DNA for
PCR amplification of the tll2115 gene, a total geeoextract of the cyanobacteria was kindly
given by M. Sugiura, Assistant Professor at thedbmpent of Applied Biological Chemistry,
Osaka Prefecture Universit. coliTop 10, F (Invitrogen) was used for standard subcloning
procedures as well as for protein expression.

Cloning of PBP-A gene and mutants. PBP-A gene was identified in the complete genofme o
Thermosynechococcus elongatuayailable in CyanoBase, the genome database for

cyanobacteria; http://www.kazusa.or.jp/cyano/cyano.htn{60,61). Since probable signal

peptide and/or transmembrane segments were predimteSignalP and TopPred online

133



softwares between amino acids 1 to 92 (Figureh&)gene encoding the PBP domain of PBP-
A protein, i.e. truncated from its 92 first N-termal residues, was recovered by PCR using
primers PBP-A-fp and PBP-A-rp and the purifiedelongatushromosome as a template. In
this way,Ncol and Xbal restriction sites were added at the 5' and 3’ termf PBP-A gene.
The amplified 853-bp fragment was then cloned i GEM-T Easy cloning vector
(Promega). After sequencing confirmation, PBP-Aeggemas cloned in the pBAD/myc-HisB-
Tet vector in fusion with a myc-tag and a (Hi&g. This expression vector is a derivative of
pBAD/myc-HisB [Invitrogen] but the ampicillin resence marker has been replaced by a
tetracycline resistance gene. In the final constraienethionine was added to the N-terminal
end of the truncated protein, giving the numbeMe};Pro,..., which is used throughout the
report. The expression vector for tli2loop deletion mutant PBP-& was constructed
similarly but the initial PCR fragment was genedalby running an overlap extension of two
PCR fragments obtained by amplification with thePP&-A41 / PBP-A-rp and PBP-AR2 /
PBP-A-fp pairs of primers. f3oA, LisdD, LisgE and $:A mutations were generated with the
Quick Changgl Site-Directed Mutagenesis kit (Stratagene) usheg respective pairs of fp
and rp primers and the wt expression vector amaltde.

Culture and PBP-A production. TransformecE. coli Top 10 were grown in 1 litre of Luria-
Bertani broth medium supplemented with tetracyclfiies pg/mL) at 37°C until théggo
reaches approximately 0,6. The temperature wasrémme 30°C and protein production was
induced by addition of L-arabinose at a final carication of 0.2 % (wt/vol) for 3-4 h. The
culture was centrifuged at 4,460g for 10 min, the harvested cells were resuspenudeb
mL PBS, and stored overnight at -20°C. Cells wkaavied to 37°C and centrifuged at 5,400

g for 10 min. Supernatant (S1) was stored at 4°€Cpatlet was resupended in 8 mL 50 mM
tris-HCI pH 8, 1 mM EDTA, and 100 mM NaCl supplertegh with 100 uL egg white
lysozyme (10 mg/mL). After 20-min incubation timeraom temperature followed by 45-min
incubation time at 37°C, 200 uL DNase (1 mg/mL) wdded and lysate was incubated 15
minutes at room temperature. Supernatant obtaifted @ntrifugation at 21,008 g for 15
min at 4°C was mixed with S1, providing the cytgohac extract.

PBP-A purification. The cytoplasmic extract was dialyzed against 20 ptidsphate buffer
pH 7.4, 0.5 M NaCl, 10 mM imidazole (buffer A) ugia Spectra por membrane (Mr cut-off,
10,000, Spectrum Laboratories) overnight, at 4°Gllowing passage through a 0.22 pM
filter, the protein mixture was applied to a?Nchelating column (HiTrap chelating,
Amerscham Biosciences), washed with 10 column vekimf buffer A, and finally eluted
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with a 10-500 mM imidazole gradient in buffer A.aEtions were analysed by SDS-PAGE,
those containing PBP-A protein were pooled and stibdh to steric exclusion
chromatography on a HiLoad 26/60 Superdex 200 Rysgde column (Amerscham
Biosciences), and using HEPES 20 mM, EDTA 1 mM, pH as elution buffer. Protein
fractions were analysed by 10% polyacrylamide dektteophoresis (PAGE) and either
stained with Coomassie blue R250 or submitted tsteva blot using an anti-myc antibody
(Invitrogen). Protein concentration in pure franBowas determined by measuring the
absorbance at 280 nm using an extinction coeffi@&n3370 M" cm™.

Enzymatic assays. DD-peptidase activity was tested by incubating P88 uM with Ac-L-
Lys-D-Ala-D-Ala (1 mM) or D-Ala-D-Ala (ImM) in 20 il Tris-HCI buffer, pH 8, in
presence or not of a glycine acceptor (1 mM), at Rfie release of D-Ala was estimated
continuously using the D-amino acid oxidase met{t&). Incubation with AgL-Lys-D-Ala-
D-Ala was also performed at 55°C, aliquots wereetalat different times, reaction was
stopped by addition of 1 mM penicillin G and théeese of D-Ala was estimated by the same
D-amino acid oxidase method. D-amino peptidaseviactivas also assayed on the
chromogenic substrate D-Ala paranitroanilide (68)RE and 55°C with concentrations
varying from 5 to 18 mM in Hepes 20 mM, EDTA 1 mpH 7.4.

Hydrolysis of 0.3 mM S2a, racemic S2c and S2d, @iadtereoisomeric PhacATI thiolester
substrates (Table 10) were performed at 37°C angitored spectrophotometrically at 250
nm (26,64,65). The general formula for thiolestsrgiven by:

Rl-NH-CllH-CO-S-lCH-COO

R R
Substrate R1- R2 R3
S2a GHs-CO- H H
S2c GHs-CO- H CH
S2d GH5-CO- Ch H
PhacATI GHs5-CH,-CO- CH; (D) CHs

Table 10 : Structures of the substrates

Kinetic parameters were extracted by numerical ktan of the progression curves using
the following equations :
d[S] + d[S] = ((Keau[E] + ko)[Sa)/(Km1 + [S1]) + ((Keat2[E] + Ko)[Sol/ (Kmz + [S2]))) dit
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Abs =¢s ([S1] +[S]) + ep ([P4] +[P2])
wherees andep are the extinction coefficients of the substratd the product, and the 1 and
2 subscripts stand for the two enantiomers or eliastsomers. kis the constant for
spontaneous thiolester hydrolysis and was measndegendentlyes, €p, Keat, Kmi, Kearzand
Km2 were optimised together during the simulationgsTé possible because each parameter
is affecting a different region of the curve.
Penicillin binding assay. Enzyme around 3 pM was incubated 2 min witf® M [*'C]-
Penicillin G (Sigma) in Hepes 20 mM, EDTA 1mM, pHtin a final volume of 15 pL. The
reaction was stopped by addition of ¥2 volume of SIX&E denaturing buffer (Tris-HCI 0.5
M pH 6.8, DTT 200 mM, SDS 4%, Bromophenol Blue 0.3%@ glycerol 20%), boiling for
10 min and the reaction mixture was subjected t&-HBGE. Gels were dried and exposed 4
days to a Kodak Biomax MR film in a hypercassett@thersham life science).
Determination of Acylation and Deacylation rate Constants for flactam antibiotics. The
kinetic scheme for the interaction of a PBP witB-lactam antibiotic is:
E+S|i1 E«eS-ES-E+P
k, ks
K1
where E« S is the non covalent Michaelis complex;&Eis the covalent acyl-enzyme
complex, and P is the released product. The demyleate constant,skwas derived from
the first order decay rates of tHéG]penicilloyl-PBP complex. PBP-A protein around Blp
was incubated for 2 min with 10 pM*C]-Penicillin G in Hepes 20 mM, EDTA 1 mM, pH
7.4. 1 pL of penicillinase frorBacillus cereugSigma) was added at a concentration such that
the remaining free penicillin is hydrolysed in avfeeconds. At various times, 15 pL aliquots
were removed and the deacylation was stopped biti@ddf %2 volume of SDS-PAGE
denaturing buffer and immediate freezing at -8(R€action mixtures were boiled for 10 min
and were subjected to SDS-PAGE, gels were driedeapdsed 4 days to the CS screen of a
phosphorimager (GS 525 Molecular imager system;R&d), the quantity of radioactive
protein was measured with the Molecular Analystivgafe, version 1.4 (Bio-Rad). The
optimised k constants were determined by fitting an exponkttithe experimental points.
Acylation reactions were performed by mixing 2 p¥C]-Penicillin G with 3 pM of protein
in Hepes 20 mM, EDTA 1 mM, pH 7.4. Every 10 secoridsp L aliquots were removed and
treated using the same protocol described for datay. Since Ks (K+ku/ki) is most
probably much higher than the experimental coneéintis of enzyme and substrate, the

acylation proceed via a second order reaction withte constant,k= ko/Ks kiko/(K.1+k>).
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The optimised constant was extracted from the dgtanumerical simulation using the
following differential equation:

d[E-Ac] = (kac[E] [S] — ks[E-Ac]) dt

where kis known from the previous deacylation experiment.

Blactam antibiotics hydrolysis. All the spectrophotometric measurements were paedr
with the help of a UVIKON 933 (KONTRON instruments) a CARY 3 Bio (VARIAN
analytical instruments) interfaced to microcompsitend to a thermoblock Ecoline 003
(LAUDA). The time courses of the hydrolysis of tffdactam compounds (Table 11) were
performed in Hepes 20 mM, EDTA 1 mM, pH 7.4, with enzyme concentration around 3
KM and penicillin antibiotics at 0.5 mM or cehalogps at 0.25 mM.

Penam Cephem

RCONH RCONH

s s

1 CHy '
e
/—7 o) ey, Y ama\y

”””;U
\\\\\\\I

(o]
.\l\\\\\I
(6]

g :; g CH,R'
COOH COOH
Substrate R R’ R”
Benzylpenicillin GHs5-CH,
Ampicillin C6H5-(|3HNH2

|
CHNH,
Amoxicillin /@/
HO'

rocef / ~
Nitrocefin - H
S
Cephalotin ©\|CH CH3-COO- H

Cefotaxime N CHs-COO- H

Cefoxitin @\L . NH,-COO- -OCH
s 2

Table 11 : Structure of the antibiotics

137



Absorbance was followed at the appropriate wavéeket®enicillin GAgys,= -1010 M*.cm™,
Ampicillin Ag,ss = -670 MY.cmil, Amoxicillin Agyss = -780 M.cmil, CephalotinAgsgs = -
8790 M'.cmi', Cefotaxime Agyes = -6260 M'.cmi', Cefoxitin Agyes = -7380 M'.cmi’,
Nitrocefin Aesg, = 15000 M.cm™).
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Annexes

Annex 1: table containing proteins used for corgdiom of phylogenetic tree in Figure 28

gi number references a protein code on nchi séner//www.ncbi.nlm.nih.gov

Microorganism gi number | Q-loop variations
1 Thermosynechococcus elongaBR-1 22295842
2 Nostocsp. PCC 7120 alr4543 17232035
3 Crocosphaera watsoniWH8501 67923291
4 Trichodesmium erythraeufiviS101 113477326
5 Nostocsp. PCC 7120 All4822 17133959 6 amino acids
6 Synechococcus elongatl€C 7942 81300412
7 Synechocystisp. PCC 6803 1001780
8 Gloeobacter violaceuBCC 7421 3521295%
9 Prochlorococcus marinustr. MIT 9313 33640853
10 Synechococcusp. WH 8102 33632421
11 Rubrobacter xylanophiluBSM 9941 10880454y
12 Alkaliphilus metalliredigene®YMF 77683558
13 Fusobacterium nucleatudTCC 25586 19712798 -1 amino acid
14 Pediococcus pentosaced3 CC 25745 48870359
15 Lactobacillus plantarunWCFS1 28271757
16 Symbiobacterium thermophiluliAM 14863 51855742| - 3 amino acids
17 Symbiobacterium thermophilulAM 14863 51855807 - 10 amino acids
18 Moorella thermoaceticATCC 39073 83590885
19 Thermoanaerobacter ethanolicAF CC 33223 76796525 - 14 amino acids
20 Clostridium thermocelluPATCC 27405 67876449
21 Deinococcus radioduranll1 6458117 ] ]
22 Deinococcus geothermal3SM 11300 94984424 + 4 amino acids
23 Erythrobacter litoralisHTCC2594 85375694 + 7 amino acids
24 Solibacter usitatu&llin6076 67934387 + 15 amino acids
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Annex 2: Preliminary studies

At the time we started to study families of progepontaining@-loops of variable size, we
retained three putative PBP candidates: two preteamtaining 6 amino acids deletion, from
Thermosynechococcus elongaf{i/8P-A) andNostocPCC 7120 (All4822 named PBP-N),
and one protein containing one amino acid deldtiom Fusobacterium nucleatu®BP-F).

It was attempted to produce these three proteimsdar to choose one protein candidate for
evolution studies.

The genes encoding PBP-A, PBP-N and PBP-F weredlonthe expression vector pBAD.
PBP-F could be expressed under its native formu(g€ig2) in the cytoplasm &. coli and

purified.

1 50 100 150 200 250 264

— _
—

Class Aflactamase doms

Figure 32 : schematic representatior-agobacterium nucleatuooding sequence.

For PBP-N, three forms were attempted to be prattuas observed for PBP-A, the native
protein (PBP-N) could be cloned but not expressedircoli, presumably because of a signal
peptide (predicted with high certainty by SignalPhe portion of the protein aligned with
class Ap-lactamases (PBPJINwas expressed in the cytoplasm, but the proteemgd to
precipitate when concentrated. The final versiothefprotein (PBP-§ was produced in the
cytoplasm without 20 N-terminal amino-acids cormsfing to a putative signal peptide
(Figure 33). The protein formed inclusion bodieattivere solubilised, allowing purification

of the protein. For the details on PBP-A, see tlaemvork.

1 l(I)O 2(|)O 3(|)O 424

LA

v
N1 Ns NZ\ -
'l

Class Af-lactamase doms

Figure 33 : schematic representation of All4822rfidostoc spPCC 7120 coding sequence. The red arrow
represents the cleavage site predicted with higlaiogy by SignalP.

Hydrolysis of penicillin G was followed at 232 nmdno significant hydrolysis could be

determined within 60 min. Radio-labelling with'C]-Penicillin G was assessed, PBP-F did
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not bind penicillin, whereas PBP-A, PBR-Bnd PBP-N where able to form a covalent link
with pencillin G. No DD-peptidase activity for PBR-PBP-N3 and PBP-F could be detected
with the substrate AelL-Lys-D-Ala-D-Ala at a 1 mM concentration.

This preliminary studies allowed us to choose atgmno candidate for our evolution
investigations: as PBP-A and PBP-N had been showretPBPs but PBP-A was easier to
purify and thermostable, we chose to study moredeirails PBP-A. However, interpretations
about the families of proteins with varial§leloop sizes are limited. Surprisingly, PBP-F is a
cytoplasmic protein and do not bind penicillin gdiolyse it. Hence, a putative role for this
protein is difficult to predict. Nevertheless, athgoteins with one amino-acid deletion may
have a different behaviour in presence of penicills topological predictions suggest that
three of them (11, 12 and 13) are cytoplasmic, okgdhem (14 and 15) are membrane-
anchored trough their N-terminal part and the othwer (16 and 17) are membrane-anchored
through their C-terminal part. Thus, this familymbteins is quite heterogeneous, and further
investigations on the different members of thisifgnvould be interesting.

It is striking to observe that in the family of peoxs with 6 amino acids deletion in tle
loop, two proteins from Nostoc spPCC 7120, Alr 4548 All4822 share 47 % identity (over
261 amino acids). While Alr4543 protein is predicti® be membrane anchored by its N-
terminal part (as PBP-A), the presence of a sigeptide in All4822 means its exportation to
the periplasm as a free protein. Hence, it may bisanteresting to investigate the role of
these proteins and the relationships that they shaye.

Oligonucletides were from Eurogentec:

PBP-F-up 5CGGCCATGGAAAAATATACAGAATG3’

PBP-F-rp 55GGACTAGTCCTTCAAGACTTTCCTCCATTZ

PBP-N-up 55CGGTCATGAAGTCACCTTTTCTCTTACTC3’

PBP-N-up 5’CGGCCATGGTAAGTAATAATTTAGAATTT3’

PBP-N;-up 5TCGCCATGGCTCGTTTAGAATCATGGS’

PBP-N-rp 5GCCCTAGGCCAAAGTTTCTCGCTGATGTTG3'

Cloning, protein production and purification wererformed as above. Changing in the
purification protocol for PBP-pNwas as follows: bacteria were lysed as seen fét-RBbut
the pellet was resuspended in 9 volumes of lysiebaupplemented with 0,5% triton X-100
and EDTA 10 mM pH 8. It was incubated 5 min at rommperature, centrifuged 15 min,
21000x g, 4°C. Pellet was resuspended in 10 mL ABE. suspension containing inclusion
bodies was mixed to 40 mL GuHCI 6 M, Tris 100 mM Bkand 10 mM imidazole (Buffer
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A). It was centrifuged 15 min, 21000 x g, 4°C angernatant was filtered through 0,45 uM.
Purification was then processed, Hitrap column washed with 5 volumes of PBS pH 7,4
and equilibrated with 5 volumes of Buffer A. Samplas loaded on the column. Column was
washed with 5 volumes of Buffer A and 5 volumesr@iaturing buffer 20 mM phosphate
buffer pH 7.4, 0.5 M NaCl, 10 mM imidazole (BuffBj. Proteins were let to renature for 15

min and were then eluted with 5 volumes of Buffezdtaining 250 mM imidazole.

Annex 3 : possible fragmentation scheme for reaaiopenicillin G with PBP-A

Reaction of benzylpenicillin (1) with DD-peptidasésads to formation of a covalent
intermediate (2) and release of a complex mix addpcts among which the normal
hydrolysis product, penicilloic acid (4), but alpbenylacetyl-glycine (7), and N-formyl-D-
penicillamine (8). Figure 34 proposes a mechanisptaging the apparition of these two last
products. Deacylation may occur by two mechanigiirect hydrolysis, or an intramolecular
attack generating an oxazolone (3), which wouldssgbently fragment into D-5,5-dimethyl-
A2-thiazoline-4-carboxylic acid (6) and oxazolino(® (blue arrows). Late hydrolysis of

these fragments may release products (7) and 48383

142



H
CH,—C—N

Q T S

(@] 6 1

4

(1) 7 N\:s}\

O %

E—OHl

OOe

O n

1] N
(e} \
2 —, H

7
/ E \"20
Oty
N
/H
©) s N

H,0

(4) °
\(Jmcoo o
\\‘“‘. eJ

~mCO0O

0O

I

N

I

=
Z-T
(0]

I,Z\)\-tu

r

0] /N
CHZ—«fo + S |
N & "cooe

(%)

(6)
l H,O / rapide H,O / lent

H ° o cod®
CH,—C—N_ COO
sz)v JL/S(SH

() (®)

Figure 34 : fragmentation of benzylpenicillin cgtdd by DD-peptidases

143



144



Bibliography

O'Loughlin T, L., Patrick, W. M., and Matsumuta(2006)Protein Eng Des Sdl9, 439-442

Ghuysen, J. M. (1968acteriol Re32, 425-464

Ghuysen, J. M. (1998nnu Rev Microbiofts, 37-67

Jamin, M., Wilkin, J. M., and Frere, J. M. (19¥ssays Biocher?9, 1-24

Ghuysen, J.-M. (199T)ternational Journal of Antimicrobial Agen& 45-60

Goffin, C., and Ghuysen, J. M. (1998icrobiol Mol Biol Rev62, 1079-1093

Poole, K. (2004Lell Mol Life Scibl, 2200-2223

Frere, J. M. (199%}1ol Microbiol 16, 385-395

Fisher, J. F., Meroueh, S. O., and Mobasher{2@5)Chemical Review$05 395-424

0. Ambler, R. P., Coulson, A. F., Frere, J. M.u@en, J. M., Joris, B., Forsman, M., Levesque,

R. C., Tiraby, G., and Waley, S. G. (19®ipchem P76 ( Pt 1) 269-270

11. Adachi, H., Ohta, T., and Matsuzawa, H. (19BBjol Chen266, 3186-3191

12. Matagne, A., and Frere, J. M. (198%)chim Biophys Acta246 109-127

13. Matagne, A., Lamotte-Brasseur, J., and Fremd, §1998)Biochem B30 ( Pt 2) 581-598

14. Massova, |., and Mobashery, S. (19@8)imicrob Agents Chemothég, 1-17

15. Kelly, J. A., Dideberg, O., Charlier, P., WeldyP., Libert, M., Moews, P. C., Knox, J. R.,
Duez, C., Fraipont, C., Joris, B., and et al. (J9@ence231, 1429-1431

16. Therrien, C., Sanschagrin, F., Palzkill, Td &evesque, R. C. (1998ntimicrob Agents
Chemothe#r?2, 2576-2583

17. Petrosino, J. F., and Palzkill, T. (199@acteriol178 1821-1828

18. Banerjee, S., Pieper, U., Kapadia, G., PanbeK,, and Herzberg, O. (1998)jochemistry
37, 3286-3296

19. Du Bois, S. K., Marriott, M. S., and Amyes,&.(1995)J Antimicrob Chemothe35, 7-22

20. Arpin, C., Labia, R., Andre, C., Frigo, C.,H&rrif, Z., and Quentin, C. (200B8ntimicrob
Agents Chemothet5, 2480-2485

21. Hayes, F., Hallet, B., and Cao, Y. (199Biol Chen72, 28833-28836

22. Osuna, J., Yanez, J., Soberon, X., and Gagtaf2004)Nucleic Acids Re32, €136

23. Fulda, S., Huang, F., Nilsson, F., Hagemannakid Norling, B. (2000fur J Biochen267,
5900-5907

24, Asano, Y., Nakazawa, A., Kato, Y., and Kondo(¥989)J Biol Chen264, 14233-14239

25. Joris, B., Ghuysen, J. M., Dive, G., RenardMdeberg, O., Charlier, P., Frere, J. M., Kelly,
J. A., Boyington, J. C., Moews, P. C., and et E88)Biochem 250, 313-324

26. Rhazi, N., Charlier, P., Dehareng, D., EngberVermeire, M., Frere, J. M., Nguyen-
Disteche, M., and Fonze, E. (20@pchemistryd2, 2895-2906

27. Wilkin, J. M., Jamin, M., Joris, B., and FreleM. (1993Biochem 293 ( Pt 1) 195-201

28. Spratt, B. G., and Pardee, A. B. (19X&jure254, 516-517

29. Vanwetswinkel, S., Avalle, B., and FastreZz2000)J Mol Biol 295, 527-540

30. J. M. Frere, M. N.-D., J. Coyette and B. Jd1i992) inThe chemistry of beta-lactams
(Professional, B. A. a., ed), pp. 149-197

31. Nicholas, R. A., Krings, S., Tomberg, J., N&db., and Davies, C. (2003Biol ChenR78,
52826-52833

32. Granier, B., Jamin, M., Adam, M., Galleni, Makaye, B., Zorzi, W., Grandchamps, J.,
Wilkin, J. M., Fraipont, C., Joris, B., and et @994)Methods Enzymd44, 249-266

33. Frere, J. M., Nguyen-Disteche, M., Coyetteadd Joris, B. (1992) ifhe chemistry of beta-
lactams(Page, M. |., ed), pp. 149-197, Blackie Acadenmd Rrofessional

34. Frere, J., Ghuysen, J., Degelaen, J., Loffetard Perkins, H. R. (1978)ature258 168-170

35. Hammarstrom, S., and Strominger, J. L. (1%#6r Natl Acad Sci U S A2, 3463-3467

36. Waxman, D. J., and Strominger, J. L. (19¥8jol Chen254, 12056-12061

37. Amanuma, H., and Strominger, J. L. (1988acteriol160, 822-823

PBOoooNoaRrwNME

145



38.

39.

40.

41.

42.

43.
44.
45.
46.
47.

48.
49.

50.

51.

52.

53.

54.
55.

56.
57.
58.

59.
60.

61.

62.

63.
64.

65.

Frere, J., Ghuysen, J., Vanderhaeghe, H., &asiaP., Degelaen, J., and De Graeve, J. (1976)
Nature260, 451-454

Lewis, E. R., Winterberg, K. M., and Fink, A.(1997)Proc Natl Acad Sci U S 84, 443-
447

Chesnel, L., Zapun, A., Mouz, N., Dideberg,dd Vernet, T. (200Fur J Biochen269,
1678-1683

Guillaume, G., Vanhove, M., Lamotte-Brasseuyd_ddent, P., Jamin, M., Joris, B., and Frere,
J. M. (1997)J Biol Chen272 5438-5444

Bourguignon-Bellefroid, C., Wilkin, J. M., JsriB., Aplin, R. T., Houssier, C., Prendergast,
F. G., Van Beeumen, J., Ghuysen, J. M., and Fieid, (1992)Biochem 282 ( Pt 2) 361-
367

Wilkin, J. M., Jamin, M., Damblon, C., Zhao, I&, Joris, B., Duez, C., and Frere, J. M.
(1993)Biochem 291 ( Pt 2) 537-544

Hoiczyk, E., and Hansel, A. (200DBacteriol182 1191-1199

Jurgens, U. J., and Weckesser, J. (1888)Inst Pasteur Microbidl36A, 41-44

Pratt, R. F. (2002ournal of the Chemical Society-Perkin Transactidn851-861

van der Linden, M. P., de Haan, L., Hoyer, M.akd Keck, W. (1992) Bacteriol174, 7572-
7578

Nicholas, R. A., and Strominger, J. L. (198®iol Chen263, 2034-2040

Morlot, C., Pernot, L., Le Gouellec, A., Di Gui, A. M., Vernet, T., Dideberg, O., and
Dessen, A. (2005) Biol Chen280, 15984-15991

Leganes, F., Blanco-Rivero, A., Fernandez-RiRafkedondo, M., Fernandez-Valiente, E.,
Fan, Q., Lechno-Yossef, S., and Wolk, C. P. (2006 Microbiol 184, 234-248

Meberg, B. M., Paulson, A. L., Priyadarshini, &d Young, K. D. (2004) Bacteriol186,
8326-8336

Harris, F., Brandenburg, K., Seydel, U., andd®?iix, D. (2002Eur J Biochen269, 5821-
5829

Zhu, Y. F., Curran, I. H., Joris, B., Ghuysé&n\., and Lampen, J. O. (199DBacteriol172
1137-1141

Hackbarth, C. J., and Chambers, H. F. (1998)microb Agents Chemothav, 1144-1149
Duval, V., Swinnen, M., Lepage, S., Brans,@ranier, B., Franssen, C., Frere, J. M., and
Joris, B. (2003Mol Microbiol 48, 1553-1564

Davies, C., White, S. W., and Nicholas, R.20(1)J Biol Chen76, 616-623

Bernstein, N. J., and Pratt, R. F. (19B8®@chemistry388, 10499-10510

Notredame, C., Higgins, D. G., and Hering2000)J Mol Biol 302 205-217

Hall, T. A. (1999Nucl. Acids. Sympos. Sdil, 95-98

Nakamura, Y., Kaneko, T., Sato, S., lkeuchi, Katoh, H., Sasamoto, S., Watanabe, A.,
Iriguchi, M., Kawashima, K., Kimura, T., Kishida, Y¥iyokawa, C., Kohara, M., Matsumoto,
M., Matsuno, A., Nakazaki, N., Shimpo, S., Sugimdto, Takeuchi, C., Yamada, M., and
Tabata, S. (200I)NA Res, 123-130

Nakamura, Y., Kaneko, T., Sato, S., lkeuchi, Katoh, H., Sasamoto, S., Watanabe, A.,
Iriguchi, M., Kawashima, K., Kimura, T., Kishida,,¥Kiyokawa, C., Kohara, M., Matsumoto,
M., Matsuno, A., Nakazaki, N., Shimpo, S., Sugimato, Takeuchi, C., Yamada, M., and
Tabata, S. (200I)NA Res, 135-148

Frere, J. M., Leyh-Bouille, M., Ghuysen, J. khd Perkins, H. R. (197&ur J Biochen®0,
203-214

Shibata, K., and Watanabe, T. (198Bacteriol169, 3409-3413

Jamin, M., Adam, M., Damblon, C., Christiadnsand Frere, J. M. (199Biochem 280

( Pt 2), 499-506

Adam, M., Damblon, C., Plaitin, B., Christiaghs and Frere, J. M. (199@jiochem 270,
525-529

146



