PBP-A de Thermosynechococcus elongatus, une PBP proche des 8-
lactamases de classe A. Analyse structurale de I'enzyme sauvage et

d’un mutant désacylant plus rapidement

Les alignements de séquence et les mutations eéiestsur PBP-A nous ont permis de mettre
en évidence l'existence d'une nouvelle famille d@PB homologues aug-lactamases de
classe A. La mutation 1kgE permet d’améliorer la vitesse de désacylationpéunicilloyl-
enzyme d’environ deux ordres de grandeur. A patés protéines sauvage et mutante
purifiées et concentrées, des cristaux ont éténabteet la structure des protéines a été résolue
(C. Evrard et J. P. Declercq).

Dans un premier temps, nous avons identifié lesraestions importantes entre les résidus du
site catalytique et des comparaisons ont été éealipar rapport ay#-lactamases et PBPs
dont la structure est la plus proche. Ceci nousren{s de mettre en évidence un mécanisme
catalytique possible pour PBP-A. L'importance dlejoué par 'introduction d’'un glutamate
en position 158 est due en majeure partie au déplect dans le site catalytique d’une
molécule d’eau similaire a celle trouvée chezfdactamases de classe A et essentielle pour

I'étape de désacylation.

Dans un deuxiéme temps, I'observation de zonesitdessaux mutations chez leg&
lactamases de classe A et non conservées chez RBRsAa permis d'élaborer une stratégie
d’insertion de différentes mutations ponctuelles afe générer une activitg-lactamase.
Trois zones ont ainsi été mutées, malheureusemenina protéine mutante n'a atteint un

niveau d'activité plus élevé que celui obtenu pasdule mutation lsgE.

En étudiant la structure de PBP-A et PBP-AgE, nous espérions trouver une réponse
évidente a la question : pourquoi PBP-A n’est pag frlactamase ? Tous les résidus

importants du site actif se superposent presquaddint aux résidus de la TEM-1, et nous
avons tenté de « corriger les petits défauts »raéseautour du site catalytique et susceptibles

d’étre responsables de cette faible activité d’blydie dess-lactames. Les résultats négatifs
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obtenus sont assez déroutants mais témoignenudéteq d’horloge suisse dgdactamases,

suggérant d’aborder une stratégie d’évolution deiglutdt qu’'une méthode rationnelle.

Dans le cadre de ce travalil, jai contribué a l@paration des échantillons protéiques pour
leur cristallisation (expression des protéines, ifjgation et concentration). La partie

cristallisation et résolution des structures aréaisée par C. Evrard et J. P. Declercq. J'ai
ainsi pu analyser la structure, en particulier idel actif, ce qui m’a conduit a la rédaction de

ce chapitre. J'ai enfin réalisé la constructiomdéants et leur analyse fonctionnelle.
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Abstract

Molecular evolution paths have always been matteliscussions and researchers are
interested in understanding how proteins with saoafolds can catalyse different reactions.
In the superfamily of serine penicillin recognisiagzymes, two main actors, DD-peptidases
and p-lactamases, are phylogenetically linked, but prese high difference of reactivity
towards the antibiotics penicillins. Whifglactamases hydrolyse them very fast, leading to
their inactivation, penicillins act like suicidehiitors of DD-peptidases. Recently, a new
family of proteins was discovered presenting a#l features of class A-lactamases, but
having a six amino-acids deletion in the conser@lop, and lacking the essential G
known to be involved in the mechanism of deacytatid?articularly, PBP-A from
Thermosynechococcus elongataisd the catalytically enhanced deacylatioggE mutant,
featuring a 90 fold increase in deacylation ratedbill 5 orders of magnitude less active than
a typical class A¢-lactamase, were characterised. In this papergepert the crystal structure
of the wild-type protein in the free and penicillated forms at 1.9 A resolution and ofs4E
mutant at 1.5 A resolution, giving insights in thetalytic mechanism of the proteins. On the
basis of structural comparison wifHactamases, several mutants were generated im tarde
enhance PBP-A lactamase activity, but these atemmre unsuccessful. Since all the
important active site elements of PBP-AsdE, including an essential water molecule, are
almost perfectly superimposed with those of the TERNzyme, our results emphasize how

far we are from understanding the secrets of enapeehanisms.
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Introduction

Among one million sequences from 150 genomes, t#er&50 000 protein sequences
clustered into 50 000 families, each of which Hestame structural domain composition. 80
% of domain sequences are assigned to only 5 Q¥ tgf domain families. Hence, folds
must have been used several times by divergentuwolor they must have independently
arisen from different protein ancestors (convergamaution) to provide the functional range
represented through the protein universe. Protdersred from a common ancestor have
evolved through duplication of a gene, substitigjansertions and deletions giving birth to
families of homologous proteins that can catalyse dame reaction with different substrate
specificity or catalyse different reactions althbigaring a same mechanistic attribut€he
heterogeneity in substrate specificity or typeesation catalysed among a family of proteins
proves the versatility of a fold, and researchdrallenge this versatility by using directed
evolution strategies to generate enzymes endowidneiv functionalities.

For example, it is impressive that a few amino seiltations in a D-amino acid oxidase
protein are sufficient to change or broaden itsstake specificity” % In the same way, it is
possible to enhance enzymes promiscuous actidigiesne or two mutation3 °. Even more
remarkable is the ability of researchers to mo@upabteins function: a hydrophenylpyruvate
dioxygenase involved in tyrosine catabolism wasveoired by two amino acid changes into a
hydroxymandelic synthase, catalysing a step inptfeeluction of glycopeptide antibiotics
Playing with protein versatility seems easy but soactivities are sometimes difficult to
enhance though using similar protein folds, andewstdnding evolution pathways is often a
very difficult task.

The superfamily of the serine Penicillin recognizienzymes (PRE), containing the well-
known DD-peptidases ang-lactamases is a good illustration of these diffies. DD-
peptidases are bacterial cell wall enzymes involwedpeptidoglycan synthesis mainly
exhibiting carboxypeptidase and transpeptidaseitiet. f-lactam antibiotics are able to bind
the catalytic serine of these enzymes and to inthlem by forming a stable covalent adduct,
hence, DD-peptidases are also called PBPs for fienRinding Proteins’. To counteract the
antibiotics, bacteria developed defence mechanimsmnain one being the expressiorpof
lactamases that are capable of hydrolysing penigilirapidly. p-lactamases and DD-

peptidases share a similar two steps mechanisncyéteon and deacylation involving a
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catalytic serine for the nucleophilic attack of shebstrate, similar consensus sequences and
similar fold. Though identity is very low (below %), PBPs andp-lactamases were
suggested, on the basis of similarities in thelgitasite and tridimensionnal structure, to be
divergent descendents of an ancestral PBP. Therthgge classes of serifidactamases, A,

C and D, class B representing metalloenzymes, @odctasses of PBPs each subdivided in
three groups, and each clasgdéctamase is probably related to a different ctd$2BP*.
Class Ap-lactamases present three consensus sequences edmatber proteins of the PRE
family that are, following ambler numbering S;0XXK -3 containing the catalytic serine and
an essential lysine,1®DN13,, and Ks34T/SGy36 Whose roles in the catalytic mechanism have
been reviewed? Class Ag-lactamases feature a fourth specific element¢alléoop which
contains a strictly conserved Gy involved in the deacylation mechanism and whosein
acylation is still controversidf’ ** Though class A is the most widespread and stutlass

of lactamases, their catalytic mechanism remaimcempletely understood, and evolutive
paths leading from one PBP tgidactamase is even less clear. A PBP5-like prdteim E.
coli has recently been suggested to be a possiblemietéary in evolution towardg-
lactamases®. However, this hypothesis is based only on strattsimilarities, as kinetic
parameters are very different. Finally, despiteirailar organisation of the catalytic site,
generating lactamase activity on a PBP scaffoldery difficult and the best achievements
only allowed a 110 times increase in deacylatiarpmicillin substrate¥’.

We have recently reported the existence of a newlyeof PBPs from cyanobacteria which
are homologous to class /Alactamases and their closer PBP parents ever ktogay. Of
these proteins, PBP-A fronThermosynechococcus elongattizat shares undetectable
sequence homology to DD-peptidases and in aver@gé lentity with class A-lactamases
has been characterised and mutants were geneRBEIA showed high activity towards
thiolester substrates suggesting a DD-carboxypagidctivity and the enzyme was sensitive
to p-lactams with kinetic parameters typical of a PBRe LisgE mutation where Leys is
aligned withp-lactamases Glgs, Showed a 90 times increase in deacylation rate.

In this work, we solved the crystal structure offRR and LisE mutant. Fine analysis of the
structures allowed us to compare PBP-A catalytte $0 the closest members of the
superfamily, clearly identifying a typical class/Alactamase catalytic site and overall fold.
The striking resemblance between the active sitgslactamases and;tgE mutant is even

more puzzling given the very low activity of the tant. Our attempts in mutating some
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residues susceptible to be responsible for somwrbance in the catalytic site were
unsuccessful. This study is in consequence a grachigle of the difficulty to bypass nature

using protein folds versatility.
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Results

Structure

PBP-A is a 368 amino acids protein which has beamcated of 92 N-terminal amino acids
and to which an amino-terminal Met was added fonielg, giving rise to a 277 amino acids
protein. Throughout this paper, residue numberaigrs to the truncated protein, number one
being the inserted Methionine, and number 2 beqgvalent to residue 93 of the full-length
protein. Residue numbering for classpAactamases will follow Ambler numbering scheme
" Four crystal structures have been determined {RBPBP-A-LisgE and the two
penicilloylated forms) with 4 monomers in each asyatric unit. The electron density is
usually well defined except for some residues atNRterminal and at the C-terminal parts of
the polypeptides. The details are summarized ileTda6. The Ramachandran diagrams (not
shown) produced by ProChetkshow that in all cases, 90% of the residues athdérmost
favoured regions. One residue (¢ in the four independent molecules of the foundtres
systematically lies in a regiop¢ 75°,¢ ~ -55°) classified as disallowed by this programme
However, according to the new Ramachandran critéfiahis region is now classed as
allowed and corresponds tgurn.

The 16 monomers are very similar, with an r.m.siat®n of 0.427 A between thedCatoms

of residues 11 — 274, which are observed in alhefn. The largest discrepancy occurs at the
level of residue 224, but this difference is indiitg the packing, because in each of the four
structures, only molecule C is concerned. Furthmilarity of the 16 molecules are their
solvent accessible areas with an average of 18886 A? for PBP-A structures and 10940
118 A2 for PBP-A-LyssE molecules.

Though high similarity, local structural differerscare observed, that may be explained by a
different exposition of monomer of one structurethe crystal packing interactions. In the

same way, interactions between the monomers magdspensible for these local differences.

Overall structure.

PBP-A is composed of two domains, an @tlomain consisting of an array of five helices
from residues 58 to 199, and afi-domain from residues 18 to 54, and 204 to 274sisting
of six-stranded anti-parall¢tsheet, packed on one side against C-terminal laefixand on

the other side on heli®-6, the active site being at the interface of the tomains. Two
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hinges connecting the domains can be defined fresidues 54-58 and 200-204. The N-
terminal part is only observed in molecule D ofleatructure and consists of a completely
destructurated arm (Figure 35), which is consisteitih the hypothesis that the protein is

membrane-anchored through its N-terminal part (ddg®.

Figure 35: Ribbon diagram showing overall structoféBP-A (molecule D). Al domain is in magenta,3-
domain is in cyan, the remaining portion of putatimembrane anchor is grey, the hinges connectmdgwib
domains are orange, catalytic serine is yellow@ntserved motifs are indicated in green.

Amino acid sequence alignment as well as behavafuthe protein with penicillin and
thiolester substrates suggested this protein & DB-peptidase. The overall protein structure,
characteristic of the transpeptidase fold supptiis idea. Moreover, when submitted to
DALI server the structure matched well with PerrlddEM-1 and thereafter with several
PBPs among which PBP-4a frddacillus subtilis Streptomyce&15 peptidase, PBP-5 from
Escherichia coli PBP-4 from Staphylococcus aureuand PBP-la fromStreptococcus

pneumoniae

Active site

The active site was located by plotting the consgrsequence motifs on the structure. The
entrance to the active site is at the opposite gidibe putative N-terminal membrane anchor,
in an ideal position to interact with cell wall gjes. Three motifs are conserved within the
ASPRE (Active Site Penicillin Recognizing Enzymedtein family®: SXXK, SXN in class

A p-lactamases or YXN in class £lactamases and KT/SG. Within PBP-A, the essential
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serine Sey and lysine Lys, are located at the N-terminal end of heli, the turn between
helicesa-3 anda-4 contains Seg, and Asnp4 of the second conserved motif, and Lys
Thryyo and Gly,; are situated at the edge strand of ghgheet. In class A-lactamases, a
fourth conserved motif located on &hnloop is composed of the GlgX-X-X-Asni7o motif
and is essential for the catalysis of acyl-enzyreacglation®®. Though an-loop like
structure is present in PBP-A, it is shorter byn@ireo acids and no residue such as;gslis

present.

Figure 36 : hydrogen bond network in the active sit PBP-A (A) and PBP-A-ls¢E (B). Segment of helig-2
bearing motif SXXK is yellow, segment of loop bemyimotif SDN is green, segment G¥loop bearing L/Esg
is red and segment of strafieB bearing motif KTG is cyan. Hydrogen bonds argidated by dashed lines.
Hydrogen bonds between water molecule W1 and maamaitrogen atoms ofgSand D,, are not indicated
for better comprehension of the picture.
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The active site of PRPs is highly hydrogen bondedirasidues in the active site are involved
in many interactions. PBP-A active site shows asddmnydrogen bonding network conserved
in all 4 molecules of PBP-A and PBP-AstE (Figure 36).

Unless specified, the distance values given bel@iaa average of the distances measured in
the 4 molecules of the crystal of PBP-A. Distanfoe$?BP-A are quite similar to that of PBP-
A-L15¢E and only those for PBP-A are reported. In commih many other PRPs, tliegNH,
group of Lys4 plays a pivotal role in this network, forming hgden bonds with the hydroxyl
group of Sef (2,78 A), the hydroxyl and backbone carbonyl gop Ser, (3,08 and 2,78
A) and the amide carbonyl group of Asn(2,79 A). ThelNH, group of Lys;e forms a
hydrogen bond with hydroxyl group of $gr(2,83 A), and is at hydrogen bond distances of
Thrazo 0xygen (2,78 A). Finally, a hydrogen bond is fochietween Ser hydroxyl group @

and Sef», hydroxyl group @ (3,02 A). This is in accordance with all PBPs amabt class A
p-lactamases, for these latest, distances of 3,%@r#®er-1, 3,15 A for TEM-1 in 1,55 A
resolution structure, (PDB code: 1zg4), but 3,58nA1,8 A resolution structure (1btl), and
2,89 A in Toho-1 (liyst) are found. In classpAactamases, Lys73NH. group is hydrogen
bonded to the carboxylate group of ¢hJ This is not the case in PBP-AdE, between
Lysss and Gluyss.

In class Ap-lactamases two molecules of water are structuradiyserved®® 2% %

three
molecules of water are conserved in PBP-A and PBR=E. An important feature of serine
proteases catalytic machinery is the oxyanion kolaposed of a pair of backbone NH that
stabilises the tetrahedral intermediate throughréyeh bonds. This oxyanion hole has been
first evidenced in class A-lactamases bpratt & Murphy %, It is composed of main chain
NH groups of Sep and of residue 237 and it contains a conserve@mablecule in the
ground staté” 2% 24 Water molecule 1 is conserved in both wild-typd anutant proteins and
occupies the oxyanion hole, at 3,06 and 3,41 Aasf;Sind Aspy nitrogens for PBP-A and
3,05 and 3,38 A for PBP-A+k¢E. The distance between W1 and Aspuggests only a weak
electrostatic stabilisation of the molecule by Aspvhereas it forms a real hydrogen bond
with Seg; nitrogen. Since the oxyanion hole is electrossdiyicpositive, the negative charge
of Asp2, may account for a weak destabilisation. In TEMiiktances between main chain
nitrogen atoms of Sgyand Alas; and the water molecule are 2,94 and 3,16 A reisgéyt
and in Per-1 distances are 3,2 A between waterSeg, and 2,8 A between water and
Thrysy.

Class Ap-lactamases active site usually contains anothetlgtconserved water molecule

involved in penicillin hydrolysis, and found at hhpden bond distance of hydroxyl group of
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Serp andel1-0 of Glues carboxylate group. A similar water molecule W2adsnd in PBP-A-
LisgE mutant at 2,81 and 3,31 A of Glw and Ses; respectively. Ing-lactamases the
corresponding distances are 2,63 and 2,75 A in TEMd 2,86 and 2,98 A in Per-1, this
water molecule is also hydrogen bonded to the sidgn oxygen of Aspo at 3,23 A for
TEM-1 (1btl). In our case, W2 is at hydrogen boistahce of the oxygen of Peg (2,79 A).

It is worth noting that molecule D contains a wateslecule W2 slightly far from the others,
at 3,51 and 3,65 A of Glg and Sep respectively, and these distances were not indlide
the calculation of average distances. In the wifzetprotein, a nearly similar water molecule
is found at 2,85 A distance from RO, but the distance from W2 to Sehydroxyl group

is longer (3,59 A) in molecules A, B and C and el@mer in molecule D (5,71 A).1kE
mutation seems to bring another conserved wateecutd in the active site, at hydrogen
bond distance of1-O of Glusg carboxylate group and Ajaoxygen (not indicated in Figure
36). A third conserved water molecule W3 is obseénwvethe catalytic site of PBP-A, which is
hydrogen bonded to the side chain of 44y¢sThis water molecule is found in all penicilloyl
serine transferases and plays a structural roggainilising the side chain of the lysine of the
KT/SG motif .

Structure of covalent adduct

In PBP-A-Pen, the acylation of Jelis clearly observed in the four molecules and fhe
lactam ring has been cleaved betwegrahd G. The situation is much less obvious for PBP-
A-LisgE-Pen. Some electron density appears in the catgbgcket but the penicilloyl
intermediate cannot be explicitly identified in ghelectron density, likely due to a low
occupancy and a large agitation. Because of thabl@m which is probably due to the
increased hydrolytic activity, this molecule wilbnbe further discussed. The acylated form of
PBP-A will be compared to the acylated form of THME ggN mutant (1fqQ).

There is no striking structural difference betwéee-PBP-A and acyl-enzyme, as evidenced
by the r.m.s (root mean square) deviation of tistr@ctures: 0,425 A for &and 0,828 A for

all atoms. When focusing on the active site resdi:-Kes, S12-Ni24 and KoigDopo), the
r.m.s.d. is 0,206 A for all atoms, indicating thénding of the substrate has no effect on the
binding site cavity. It is important noting thatddference is again observed in molecule D
where the orientation of the penicillin phenyl goas very different.

Besides the covalent bond between penicillina@d Sej; Oy, penicillin G is stabilised by
hydrogen-bonding interactions (Figure 37). The oaylh oxygen atom @of the complex is

situated in the oxyanion hole and replaces the matelecule W1, forming one strong
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hydrogen bond to the main chain nitrogen atom o§:98,8 A) and a weaker bond to the
main chain nitrogen atom of Agp (3,13 A). N4 and Qs of penicillin G make hydrogen
bonds to the main chain carbonyl oxygen of As3 A) and the amide-nitrogen of Asg
(3,06 A), respectively. Penicillin G carboxylateygen atom @ forms a strong hydrogen
bond to the hydroxyl group oxygen of Bhy (2,61 A) and a weak one téNH, group of
Lys10 (3,18 A). Qs is only electrostatically stabilised by the samnte,d hydroxyl group
(3,28 A). Finally, the thiazolidine ring nitrogendNs hydrogen bonded to Serhydroxyl
group O (2,99 A) whereas the distance is longer in TEN8,22 A).

N/

Asnyog

Seryzg

Serzo Lysz3

B.

Figure 37 : hydrogen bond network stabilising thgl-®nzyme complex formed with benzylpenicillin aR&P-
A (A) or TEM-1 EjgN (B). benzylpenicillin is black, residues from teezymes are pink and pink dot lines are
hydrogen bonds, and cyan dot lines are weak hydrbgads.
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Though the catalytic site did not bear strikingistaral changes between the apo and acylated
forms of the enzyme, the hydrogen-bonding netwoak walightly changed for some residues.
{-NH; group of Lysig hydrogen bonds with hydroxyl group of $gr Thro,o oxygen, and a
water molecule are maintained. Tf8IH, group of Lyss no longer forms a strong hydrogen
bond with the hydroxyl group of Sgr(3,22 A instead of 2,78 A), as observed in TEM-1
(3,28 A'in 1fqg and 2,9 A in 1btl). Its hydrogenriois to the hydroxyl and backbone carbonyl
groups of Sek, and the amide carbonyl group of Asn(not shown in Figure 37) are
maintained, though in each case, the distance@bbthe four molecules is quite different of

the others. These hydrogen bonds also exist in TEVable 12).

PBP-Pen-A PBP-Pen-B PBP-Pen-G PBP-Pen-pD 1fqg
S122 Oy 3,02 2,86 3,14 2,78 2,86
S122 0 2,79 2,87 2,84 3,15 2,91
N124 Od 2,82 3,17 2,89 3,03 2,86

Table 12 : hydrogen bond distances frgitNH, group of Ky, in the four molecules of PBP-A crystal, and in
TEM-1 E;gN mutant in complex with benzylpenicillin (1fgo)vgin in A.

Finally, the hydrogen bond between &eand Ser,, hydroxyl group @ is only weakly
maintained (3,25 A vs 3,02 A), as in TEM-1 (3,25 &pncerning the water molecule W2
present in the free PBP-A, it still forms a stromgdrogen bond with Prgy main chain
carbonyl carbon (2,85 A), but the distance togSkydroxyl group @ has increased in all
molecules (5,15 A), whereas it is at the same gra&BP-A-Lis¢E proving the importance of

a charged negative side chain to maintain W2 inepfar deacylation.

Comparison to ASPRE proteins: TEM-1, Per-1 and PBP-5

PBP-A general topology is similar to the consertethspeptidase fold of the PREs. This

family is composed of two main types of proteinBPB andgs-lactamases.

TEM-1 Per-1 PBPS
1-btl le25 1z6f
PBP-A r.m.s.d (A) 1,83 1,58 2,27
Number of aligned & 234 240 198
Per-1 r.m.s.d (A) 1,75 - ND
Number of aligned & 245
PBP5 r.m.s.d (A) 2,62 ND
Number of aligned &€ 212

Table 13 : root mean square deviation (r.m.s.djvben PBP-A, penicillin binding domain of PBP5 amet
class Ap-lactamases. ND: Not Determined.
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Comparing the overall PBP-A (molecule A) structtimeother proteins, it is surprising to

observe that better superpositions (Table 13) andctaral alignments (Figure 38) are
obtained for PBP-A with class glactamases than PBPs.

TEM 1
PBP- A- A
PBP5
Per-1
Consensus

TEM 1
PBP- A- A
PBP5
Per-1
Consensus

TEM 1
PBP- A- A
PBP5
Per-1
Consensus

TEM 1
PBP- A- A
PBP5
Per-1
Consensus

TEM 1
PBP- A- A
PBP5
Per-1
Consensus

TEM 1
PBP- A- A
PBP5
Per-1
Consensus
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Figure 38 : structural alignment of TEM-1 (1btl)BIP-A chain A, PBP5 and Per-1. Structural alignmeas
achieved with Mustang, and edited using BioEditsiBhees numbering corresponds to that of TEM-1, gaps
indicates in red. Magenta boxes are repsectivelXISXSXN and KT/SG motifs. Purple box is the-loop
region, and Gl is highlighted magenta.

The structural alignment of Per-1, TEM-1, PBP5 &PBP-A has been achieved with
MuStAng?®. In the same manner, the active site is remarkaily conserved at the level of

the spatial arrangement of the conserved residunesr.m.s deviation for the superposition of

all atoms of active site residueg®73, S130-Ni3o, KossAzsz, Eigs and water molecules 1 and
2 in p-lactamases and equivalent amino acids in PBP-Aamitis 0,914 A for TEM-1 and
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0,807 A for Per-1. Hence, PBP-A overall structigecloser to that of class Alactamases
and its structural similarity is higher than oth@&BPs. It is also remarkable to observe that
Lewss Which, on basis of sequence alignments, is atigmgh Glueg, is also structurally at
the same spatial position and @hHside chain has the same orientation as in TEMRewrl.
Though the general fold (Figure 39) and active areewell conserved, comparison of PBP-A

to TEM-1 allows identification of several signifitiadifferences.

Figure 39 : superposition of PBP molecule A (gremm) TEM-15-lactamase (red).

The most striking element that differentiates PBR-éfn TEM-1 is the®@-loop like structure
from residues 155 to 165 which is six amino aciusrter than the class glactamases2-
loop, usually defined from residues 161 to 179class Ap-lactamases, the length of tiag

loop is strictly conserved and deletions in thigioe were genetically engineered to assess the
impact of the mutations. It was shown that insediat the N-terminal end of the loop are
more deleterious for ampicillin hydrolysis thanértsons at the C-terminal eid In the same
way, deletions or mutations in th&loop are possible only in the region 170-778%%
This may be explained by the role played by thapln the catalytic activity gf-lactamases.
This loop presents an essential residuedgin the active site in a position where it allows

activating the water molecule for acyl-enzyme hyghis, highlighting the importance of the
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loop N-terminal part® 3% 3 |t is striking to observe that though there iseivalent residue
to Glwge in PBP-A, the-loop like structure fits better with the N-termireand of TEM-1.0-
loop (Figure 40).
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Figure 40 : superposition of PBP-A (green), PBP-AdE (cyan) and TEM-1 (red) in the region of ttadoop.

An important feature in th€-loop is the peptide bond between residues 166.&AdThough
non proline cis-peptides are energetically unfagble and rare in proteins, a cis peptide bond
between residues 166 and 167 is a typical invafeature observed in class/actamases
except in Per-1 which displays a differe@loop fold *. Interestingly, a cis-proline is
observed in position 159 of all PBP-A moleculemafly, in class Ap-lactamases, three
invariable electrostatic interactions maintain kb@p integrity: a hydrogen bond between the
side chains of Lyg and Glyegs a salt bridge between Arg and Aspzg and hydrogen bonds
between the CO and NHjroups of Asigs side chain and the main chain NH and CO groups
of Glugs respectively. In PBP-A, there are many strong bgdn bonds maintaining the loop
structure but no salt bridge equivalent to AsgAspi7g interaction. On the other hand, the
same interactions between Asfnand Glues exist in PBP-A and PBP-A1kgE between the
equivalent residues Assi and Leu/Glysg. Also, even shorter, th&-loop seems able to
orientate Glysgin a quite good position for water activation, kuhay not be optimal.

Other difference resides in the N-terminal parP&P-A which destructurated arm suggests
that the removed N-terminal portion is a membranehar that is not compatible with:
lactamase activity as the latter are secreted rgplpsmic, free enzymes.

Further element is the loop connecting helia®#s and a3 (residues 91 to 106) and
overhanging the catalytic site. The conformationtto$ region compared to the equivalent
residues 100 to 115 of the TEM enzyme is quiteeddfit. Particularly, residues 104 and 105
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of TEM-1 which have been shown to play a role fdactamases in substrate binding and

specificity 3 ' *® and indirectly in catalysi€” * are very badly aligned in the structural
alignment and there is a one amino-acid insertBhigs and Ala; seem to be the best

equivalent to Glws and Tykos of TEM-1 (Figure 41, A).

115

10C
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104 B.

Figure 41 : A: detailed view of the conformationtbé 91-106 region in PBP-A (green) and TEM-1 (rdgt)
orientation of benzylpenicillin in the catalytidesiof TEM-1 EggN mutant (green), R61 DD-peptidase (cyan),
PBP-A molecules A (red) and D (pink).

In class Ap-lactamases amino acid 104 is hydrogen bonded masAside chain through the
backbone carbonyl oxygen, except for Per-1 whiagimfothis hydrogen bond wittOH of
Thrio4. By stabilising Asks,, Gluiog is indirectly involved in penicillins catalysisn PBP-A,
the carbonyl carbon oxygen of Ajas hydrogen bonded #®NH, amide group (3,2 A) and
main chain nitrogen(2,99 A) of Asa. It is surprising to note that in molecule D of FB-
Pen, the distance between the carbonyl carbon oxgféla; and main chain nitrogen of
Asniz, is 3,62 A which is incompatible with a hydrogemboHence, the stabilising role of
this loop seems to be maintained, though the glotwaformation is different. The second role
assigned to the loop is to form a wall in contaghwhe substrate and particularly Tagin
TEM-1 participates in substrate selectivity An aromatic amino acid is not necessary at this
place and small residues like alanine and glydna¢ do not disturb the structure in the active
site are allowed. In PBP-A, the amino acid in positof Tyngs is an alanine and does not
seem to disturb the structure of the cavity. Thikess obvious for Gy however equivalent
to Gluos and situated far from the substrate, its siderchas a different conformation than
Glups in TEM-1 and it seems to bring a negative chahge tloses the left side of the cavity
and may be a problem for substrate binding (Figd#d. This hypothesis might be
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strengthened by observation of penicillin conforiorain the cavity of TEM-1Streptomyces
R61 DD-peptidase and PBP-A (Figure 41, B).

Figure 42 : repartition of charged residues in FBA-EM-1, Per-1 and PBP-5. Negative residues afteuced
red and positives ones are coloured blue. Actiteeisisurrounded by green square.

Whereas benzylpenicillin side chain is directediisame manner in R61 and TEM catalytic
site, it seems more distorted in PBP-A, certaimger the influence of Gy side chain.

One deletion is observed in one of the two hingemecting the helical domain to tlms-
domaing-sheet: there is no equivalent to TEM-1 Ala 217PBP-A. Though this region is
important for domain association and thus for tedypositioning of catalytic apparatus,
there is no high residue conservation among clagdaktamases in this loop and amino acid
sequence depends on the environm&ntMoreover, circularly permuted lactamases at
position 228°, or 216* retained enough activity to confer somesivo ampicillin resistance.
Hence, a deletion in this region may not be of gi@aortance.

The last region that undergoes some differenceswbmpared to TEM-1 is situated before
and downstream of the KTG motif. Before the moN§p,s3 is a well conserved residue in
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class Ap-lactamases and is important for a correct actitee conformation'®. Even if the
conservation is high, a histidine is found at thigce in Per-1. Hjgs nitrogen atom of the
imidazole ring and main chain nitrogen are hydrolgended to Asps side chain and Met;
oxygen, respectively in Per-1. Higis also directly linked to This y-OH by its carbonyl
oxygen, and indirectly to the carbonyl oxygens difr,I, and Thgie through two water
molecules and its imidazokeN. Aspuas is found in ag-sheet in thex/f domain, Met;; is
situated at the end of the helix leading to ongdiconnecting alk domain and:/f domain
and threonines are found on the hinge. Hence, tlessgues are probably elements involved
in hinge stabilisation for correctly adjusting ash@main to another. In PBP-A, Met, Thxo,
Thry,, His;ig and Aspgg are spatially located at the same place asMeEhr, 4, Thig,
Hisyss and Aspgs as in Per-1. The same interaction with Mgeis observed and the imidazole
ring & nitrogen is at hydrogen bond distance of Aggide chain in only two molecules (B
and D, 2,71 and 2,72 A). It is interesting that emgenicillin acylation, all four molecules
contain a hydrogen bond between those two resig2&s A). Though interactions with
threonines are different than in Per-1, jghiside chain hydroxyle is hydrogen bonded to a
water molecule connected to Mgt trough its carbonyl oxygen, and Bk main chain
carbonyl makes hydrogen bond to a water molecutm@cted to Aspy carbonyl. Hence, it
seems that in this region, a hydrogen network iglate in a comparable way as Per-1, with
the probable role of maintaining a certain intdactbetween the ak domain and the/s
domain. In TEM-1, Aspy and the two threonines are not conserved, anailhe similar

interaction is the hydrogen bond with Mgt

Downstream the KTG moitif, substitutions at resid2®88-240 and 265 have been identified in
TEM variants and have been shown either alone @ombination, to increase the enzyme
activity against cephalosporifi& *? defining this region, with the 100-115 loop aie 12-
loop as the hot spots f@klactamase specificity. In Per-1, positions 2378,2340 and 242
were mutated in order to assess the role of tresdues in the extended spectrum activity of
the protein. It was surprising to observe that naofiethese mutations gave significant
differences in the protein activity against differeephalosporin substrates, indicating that
mutating the same residues in different proteinsdbhave the same effect depending on
their environment® *3 In PBP-A, one residue is deleted after the KTGifnbowever the
degree of conservation in this region is so lowt tha precise location of the deletion is not
known. Taken the differences that exist in clag&lActamases within this region, the impact

of the low conservation in PBP-A is difficult toqatict.
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Mutants

The structural comparison between active sitesBR-R and class A¢-lactamases indicates
that the only significant difference is the abseot&lugs Which is structurally aligned with
Leusg in PBP-A. Surprisingly, PBP-A-lkgE mutant did not lead to an important increase in
activity with only a 90 fold improvement in deadyten rate when compared to wild-type
protein, although the new glutamate occupies a samylar position to Glu; in the active
site. Hence, it seems that the catalytic site ndedbe finely tuned in order to better
accommodate and hydrolysdactam substrates.

In class Ap-lactamases, the hydrolytic water molecule is hgdrobounded to Glgs and
Asng7o. Asny7g position has been shown to be important for catsliy Staphylococcus aureus
PC1: in N;QQ mutant, GIn residue allows similar polarity anghdtional group to be
conserved, but the longer side chain occupies paeesfor the hydrolytic water molecule,
impairing enzyme deacylation. In;]dM mutant, deacylation was less decreased as the
mutation still allowed introduction of the water lacule, but the side chain occupied some
space required for substrate binding ang Was increased”. In the same manner, in the
double mutant E&eD:N170Q, Aspes Side chain was displaced in a position inapproprta
activate the water molecule, and Gbwside chain occupied the space required for themwat
molecule. Hence, deacylation was completely abetisivhile acylation was still possibfg

In PBP-A-LisE, Glusg orientation seems good for activating W2, but &ymmot adopt the
optimal configuration, and though Rge carbonyl carbon is bound to the hydrolytic water,
W2 is still 3,31 A from hydroxyl group of Sgr which is a little far when compared to class
A p-lactamases with 2,75 A for TEM-1 and 2,98 A for-BeThus, introduction of a longer
polar residue may push the water molecule clos&etg and/or may influence Glek side
chain conformation. Mutational modelling with SPDBWer indicates that in the mutants
D1sdN and MeiN, the Asn could adopt conformations where it poiowards the active site.
Four mutants were generated: PBP-fsdN, PBP-A-Li5¢E-D1soN, PBP-A-Mie:N and PBP-
A-L158E-M361N, the single mutants being constructed as negatia&ols.

As was stated earlier, though Gdlhas no direct interaction with catalytic site dess or
substrate, its long negative side chain may infbeesubstrate binding. Hence, we mutated
this residue into either the small non chargeddiesiGly or the small hydrophobic residue
Val. Finally, we wanted to replace the Agpwhich introduces a negative charge at the
bottom of the active site that has no equivalerdlass Ap-lactamases (Figure 42). Since an

insertion that may influence the loop conformati@iweens-strands 3 and 4 is also found in
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this region for thes-lactamases, two additional mutants were constiuateere E96G or V
and Mg:N mutations are combined with the replacement 86 By AG: EysG-LisgE-M161N-
D22,AG (E96G+) and BV-LisgE-MigiN-D22,AG (E96V+). The activities of the mutants
were measured on both benzylpenicillin and thieleshydrolysis.

Regarding introduction of an asparagine close t6:ds/ DigoN mutant did not have any
significant effect on catalytic activity when rege&l158 was a leucine. Though acylation was
5 times increased in PBP-AdgE-DigodN compared to PBP-A-qkgE, deacylation was
impaired to reach the level of PBP-A. This suggkdteat Asn influences the electrostatic
field around Gluysg or displaces the water molecule such that it iserable to activate the
serine during acylation, but is not able anymorattack the ester bond during deacylation.
Mie:N mutant showed no huge effect on catalytic efficiein PBP-A, and a slight decrease
in PBP-A-L;s¢E pencillin hydrolysis (Table 14).

ko/Ks (MTSD) ks (s7) Keat (S7)

PBP-A 1,07.10 1,55.100  2,7.10"
PBP-A-L 155E 1,56.10 1,44.10°  1,42.10

PBP-A-A 2,8.16 4,25.10 ND

D16oN 2,9.1d 3.10* 6,4.10"

L 155E-D1eoN 7,8.10 4,9.10% 4,6.10"
M 16N 6,1.10 5,5.10% 3,3.10°

L 155E-M 161N 1,7.16 8.10° 8,1.10°
EocG+ 2,2.10 5,3.10° 3,3.10
EgeV/+ 2,7.10 2,1.10° 6,2.10%

Table 14: kinetic parameters of benzylpenicillirdrglysis of wild-type PBP-A and mutants determimedRT.
ko/Ks and k were measured using*C]-benzylpenicillin as described under Material andthods. k; was
measured directly by measuring evolution of absaocbat 232 nm.

Thiolester hydrolysis was impaired in the four rmisa and the deleterious effect was additive
to the effect of kLsgE mutation. These mutations also have an impacthenenzymes
stereoselectivity, as three of them become abbtatalyse hydrolysis of both S2d enantiomers
(Table 15).
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S2a S2c S2d
X Y X Y
PBP-A Kat (S7) >77 >6,6 >0,21 > 52 .
K (MM) >3 >1,5 >1,5 >1,5 -
KealKm (M1.S1) 2,58.16 4,38.16 1,4.1G 3,47.10 -
PBP-A-LysE Keat (S1) 0,35 0,35 0,024 >5,8 -
Km (MM) 2,2 1,3 1,3 >1,5 -
Keal Ky (ML.81) 1,6.16 2,68.16 18,7 3,80.19 -
DN Keat (S5 0,62 0,99 0,073 > 15,45 >0,8
K (MM) 1,75 1,2 1,2 >1,5 >1,5
Keal K (ML.8Y) 3,52.16 8,28.10 60,8 1,03.10  527.16
L1sgE-DisoN Keat (S7) 0,023 0,057 - >0,9 -
Km (MM) 1,75 1,2 - >1,5 -
KealKm (M.ST) 13,1 47,8 - 61,4 -
Me:N Keat (S 1,23 > 1,68 0,34 > 8,74 >2.10"
K (MM) 2,22 >1,5 >1,5 >1,5 >1,5
Keal K (ML.81) 5,52.10 1,12.18 2,27.16 5,83.10 0,16
L1sE-MiaN Keat (S7) 0,057 >0,02 >1.10° >0,34 >3.10°
Km (MM) 2,22 >15 >1,5 >1,5 >1,5
Keal K m (M1ST) 25,7 13,3 0,07 2,26.10 0,23
E96G+ Kat (ST - - - >0,03 -
Km (MM) - - - >1,5 -
Keal K m (M.S1) - - - 21,2 -
E96V+ Keat (S - - - > 0,007 -
Km (mM) - - - >1,5 -
KealKm (M.5™) - - - 5,25 -

Table 15 : kinetic parameters of thiolester hyds@yat 37°C measured directly following absorbaatc250 nm.

Both mutants BG-LisgE-M161N-D22,AG and BegV-L 158E-M1g1N-D222AG showed decreased
catalytic activity, here again deacylation was dased to the wild-type enzyme level. Which
of E96 or D222 mutation was responsible for therele®ed deacylation was not assessed. In
the quadruple mutants, only very low hydrolysisS@fl substrate was observed.

It was surprising to see that PBP-A was able tgetgfour mutations close to the active site
without loosing the activity for penicillin hydradys, but impairing drastically thiolesters

hydrolysis.
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Discussion

Interaction of PBP-A with peptide substrates

Even though PBP-A is not active on peptide substfak-L-Lys-D-Ala-D-Ala, its activity
towards thiolester substrates suggests that thagnesm is a DD-carboxypeptidase (see page
119). Lower sequence and structural homologies B&®sPcompared t@-lactamases are
observed, and it is not obvious that structuratuiess that contribute to peptides binding are
identifiable. Actually, there are structural diferces in the active site of DD-peptidases due
to the fact that the composition of the interpeptilinks is variable, though the general
structure of the cell wall is similar among badceftdowever, similarities do exist, the main
one amongst this type of enzymes being the preseihaehydrophobic surface close to the
catalytic site, that is important for binding theuf methylenes of the diaminopimelate/Lys
group of the natural substrate. This hydrophobitctpés absent in class Alactamase&®.
The region around the catalytic site of PBP-A ighhy hydrophobic (Figure 43), and a
hydrophobic groove leading to the catalytic seiebserved. Hence, the neighboring of the
catalytic site is probably well fitted to acceppeptide substrate.

Figure 43 : PBP-A hydrophobic surface (cyan) in #p® (B) and acylated form (A) where penicillin &in
magenta. Black arrow indicates a putative hydropghgtoove for substrate binding.

Another typical characteristic of DD-peptidasesais©iydrophobic pocket composed of two
residues Gly-Leu with the glycine at the left sioiethe cavity. These residues are well
conserved in PBPs and can be found in PBP5,gsl(s3, in Streptomyce&15 as GasLiss

and in PBP3 as fr-Lis " * These residues are each time located oneop like

structure of these enzymes, and the absence déaain at the glycine position is important
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to accommodate the methyl of the penultimate D-#fathe peptidic substrate. Though
structural alignment of PBP5 with PBP-A shows naieglent residues because tt¥eoop
like structures do not superimpose well, observatibthe acyl-PBP-A allowed us to propose

Ag7 and Gg as equivalent residues (Figure 44).

Figure 44 : solid surface view of the catalyti@sif PBP-A in its Penicillin G acylated form (A)&iK15 DD-
peptidase (B). Catalytic serine is represented alow, penicillin G is represented in green, hydropic
residues are in cyan an@d-AGgg (A) and GasL 145 are represented in pink.

These two amino acids form a hydrophobic pocket gardfrom the penicillin C6, allowing
space for a methyl group. However, in this casis, flocket is not placed on the left side of
the catalytic site, as a consequence, peptidictiibs may not adopt a similar conformation
in PBP-A compared to other known PBPs.

Finally, all the mutations around the active sitie@ greatly PBP-A thiolesterase activity.
For each mutation on th@-loop that is susceptible of providing charge @ctiostatic effect
(LissE, DisdN, MieiN), catalytic activity is decreased, indicating tthalectrostatic
environment in the bottom of the cavity is impottéor protein carboxypeptidase activity.

Interaction of PBP-A with penicillins-Proposition for a catalytic mechanism

As a general ruleg-lactamases and PBPs act on their0®-X-R, substrates by a proton
shuttle in a two steps manner. In the first st €nzyme acylates the substrate: the
nucleophilic attack of the carbonyl carbon by trativated G of the catalytic serine is
concomitant with the transfer of a proton from kiyelroxyl group of a conserved serine to the
leaving group X-R In the second step, a proton from the acceptoraaine group or a
molecule of water) is abstracted, the activatecepime attacks the carbonyle carbon of the
acyl-enzyme and the abstracted proton is back-édntt & of the leaving serine, hence

deacylating the enzyme.
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The deacylation process in classfAactamases has been clearly identified and ingothe
activation of a water molecule by Gy acting as a general base catalyst.;6glmutants of
TEM-1 were generated, severely impairing deacyfatio® It was first shown byAdachi &

al. that mutating Glws into GIn, Asn or Ala abolished penicillin hydrolgsbut mutants were
still able to bind the substrates. This impliecealative mechanisms of acylation that do not
involve Glues Thus, for the acylation reaction, two residuesensiggested to be involved,
Gluwes and Lyss, leading to controversial mechanisfs® °* Since then, many studies have
been done on the acylation mechanism. NMR titraitiothe catalytic site of TEM-1 allowed
measurement of the Lysine 73 pKa which was showetm a protonated state, incompatible
with the mechanism proposed in which ys$s the general base for acylatidh The
mechanism was thus puzzling as both mutants of;lorsGluses still undergo acylatiof?® >3
More recent simulations studies of acylation sugdhe existence of two pathways in
competition, one involving Ghgs and a water molecule , and another involvingzb % *

In PBPs a water molecule in a position merely egjem to the TEM-1 deacylating water is
sometimes present. However, there is no residuaqot to Glyes able to activate it, thus
explaining the low deacylation ratés’ *% The general concerted mechanism of the
nucleophilic attack of the penicillin by the catityserine with the transfer of a proton to the
thiazoline ring nitrogen through the serine of 8%N motif can be applied to all penicilloyl
serine transferases. However, it has been showmdhaervation of the residues in the active
site of PBPs does not necessarily implies the cwasen of their role in the catalytic
mechanism®. Hence, several mechanisms have been proposéukfacylation step, and it is
most probable that different mechanisms are usad fsne homologous protein to another
and these mechanisms could depend on the usedatalst

Kinetic constants of PBP-A with penicillins suggdliat this enzyme has intermediate
sensitivity top-lactams. Orientation and interaction of the resglguggest that the general
mechanism of acylation described for all peptidasay be a possible acylation mechanism
for PBP-A. Whether another acylation path is pdssibay be evidenced by sequentially
mutating residues in the active site.

Though a similar organization of the catalytic sitieere are wide variations in penicillin
acylation efficiencies among DD-peptidases, randimgn 20 M.s* for the low affinity
PBP5fm to 300 000 Ms* for the best R39 PBP. These variations can beaad by the
accessibility of the active site, the conservatbhe essential motifs (SXC in the K15 DD-
transpeptidase is less efficient than SXN), ordiiierence in the stabilizing elements of the

antibiotic carboxylic acid’. PBP-A acylation efficiency is in an intermediatage, and two
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reasons may explain that. First, benzylpeniciltmboxylate is stabilised by.ko and B2 side
chains. Though not necessary, an guanidinium gfoupstabilization of this carboxylate
seems to be more efficient and is present in maagscA S-lactamases of which TEM-1
(Argoas) . It is also the case for the highly efficient RBB-peptidase for which an arginine
is found 6 A away from the carboxylate and in aisimplace than Argy in Streptomyces
Albus Glactamasé’. Looking at the alignment, residues equivalenfig,», and Arga, are
Valy,7 and Leuyps. Simulations of Vah7Arg and LeudosArg mutations with Swiss-PdbViewer
show that not Leiys is in good position for supporting the mutationAa, and that residue
would point towards the carboxylate group of bepeyicillin. Hence, the effects of
LewosArg mutation may be interesting to investigate. dbel; the active site needs to be
accessible to the substrate for good acylatio®BR-A, the accessibility does not seem to be
optimal as the cavity is rather closed at thedafe with Glye side chain (Figure 44). Hence,

these observations may explain the inability of PB#® catalyse acylation more efficiently.

Improving PBP-A deacylation

As for all PBPs, inefficient deacylation of PBP-& eéxplained by the absence of a residue
capable of activating a water molecule to attaekdarbonyl of the penicilloyl enzyme. What
is more unsettling is why introduction of a glutaenapatially in the same place as {gun
class Ap-lactamases does not improve more than 90 timeddheylation efficiency ? In the
case of PBP2x, the aromatic ring of lagwampers the entry of a water molecule in the activ
site. Introduction of an aspartic acid in placePties, increases the deacylation rate by 110
times'®. Here, the catalytic site was less amenable todhysis since no water molecule was
pre-existent to the introduction of an aspartatdecatalytic site, and no water molecule was
observed in the oxyanion hoté *°. The catalytic site of PBP-A is very similar toathof
TEM-1, and the oxyanion hole is well defined witlcanserved water molecule hydrogen
bonded to Ses and Asp,, main chain nitrogens.

Under acylation, this water molecule is replacedthy carbonyl oxygen of penicillin, and
interactions with Seg and Asp,, are maintained. Moreover, penicilloyl group of theyl-
enzyme interacts with other residues of the catabjte for stabilization, and except for the
interaction between Lys and Glysg, the H bond network is well organized for catadysi
Finally, PBP-AQ-loop is superimposable to the TEM-1 N- terminatt pghich was showed
to be most important, providing a good orientatdilu;sg. Hence, LsgE mutant would have
been expected to reach higher levels of deacylaflan explain this low efficiency, the

catalytic site was detailed and some imperfectimese noted such as a slightly longer
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distance between the water molecule and the aaylrea carbonyl carbon. The water
molecule was suggested not to be optimally posticior efficient deacylation, and adding a
long polar side chain equivalent to classfAactamases Asm, might help optimising the
position of W2. Asn mutants replacing Aspand Mets;, two positions where Asn was
susceptible to point toward the active site, wereggated. N3N mutation had little effect on
protein activity, probably because the Asn sideircheas too far to provide some effect on
catalysis. RsdN had effect in the double mutant suggesting thatelectrostatic environment
around Glysg has changed, however in the wrong way for deaoylat

Finally, the rearrangement of two other regionshef protein was suggested by the structural
analysis and the effect of synergistic mutations &asessed by constructing the quadruple
mutants BsG-L1ssE-M161N-D222AG and EgV-L 158E-M161N-D222AG. The effect was a return

of activity of LysgE mutant to wild-type rate, indicating that the ibasydrolytic mechanism

of PBP-A was not disturbed by these mutations. Altfh the expected increase in
deacylation was not observed, it is interesting thedulating the left side of PBP-A catalytic
cavity does not influence its activity, providingarmation on the protein high stability.

Thus, there is no clear explanation why this protginot g-lactamase. It may come from an
unoptimised electrostatic environment or hydropbidpiof the cavity that do not provide
good configuration for the important proton shutiavolved in the reaction mechanism.
Modelisation studies carried on penicillin acylatio TEM-1 show that both Glgs and Lyss

are involved, and a proton shuttle between theduvesi is occuring®. The equivalent
interaction is missing between Ggand Lyss and the impaired proton shuttle may have a

great impact on the enzyme activity.

Phylogenetic link

Biochemical characterisation suggested that PBB-A DD-carboxypeptidase and sequence
alignments indicated that it belongs to a new ctd93BPs. In this study, the tridimensionnal
structure of the protein was solved, and obsermatiare in agreement with the previous
hypotheses. On the other hand, structural supesitipos are better with class g-
lactamases. Comparison to other PBPs show lesstgt@ml conservation, and though
hydrophobic elements typical of PBPs seem to begorte they are not in the same place,
strengthening the previous hypothesis that PBR«@ proteins are a new family of PBPs.
PBP-A is the first protein of whickP-loop like structure fits so well with the N-ternainpart

of p-lactamaseg2-loop. When comparing t@-lactamases, it was shown to provide many

similarities with TEM-1, but it was also sharingnse similarities with the very special Per-1
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p-lactamase. All these observations strengthenhery of an ancestral PBP that would be
an evolutionary intermediate between PBP-A andsafgé-lactamases. Our results are a good

illustration of how proteins are not as versatietlzey look and that enzyme efficiencies are
sometimes mysteries for rational studies.
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Materials and methods

Chemicals and antibiotics. Penicillin G was purchased from sigma. Oligonutitess were
from Eurogentec, with “up” for sense primer and’“fgr reverse primer:

D16oN-up 5’CCGCTGCCGAATATGAAGGGCT

Di6oN-rp 5’GCCCTTCATATTCGGCAGCGG3’

L1sgE-DisoN-up 5’ CCGGAGCCGAATATGAAGGGC3

L1sgE-DigoN-rp 5’GCCCTTCATATTCGGCTCCGG3

L1sgE-M1giN-up 5’CCGCTGCCGGATAACAAGGGTACCAACACCACCAG3’
L1sgE-M16iIN-rp 5CTGGTGGTGTTGGTAGGGTTGTTATCCGGCAGCGG3

EoeG 5'CTCATAGCCCCCGGGGCTGGCACATTGC3’

EgeV 5’CTCATAGCCCCCGTGGCTGGCACATTGC3’

D22,AG 5’GCCCACAAAACGGGTGCAGGTATTGGTATTGTGGTCGG3’

Construction and purification of PBP-A and mutants — Cloning of wild-type PBP-A and
PBP-A-LisgE mutant have been reported. To produce PBP-AMMand PBP-A-DsN, the
double mutants 1sgE-M161N and LisgE-DisdN, and the quadruple mutantss&-LisgE-Mie1N-
D22,AG and EeV-LisgE-M161N-D22AG, PBP-A or PBP-A-LsgE constructs were used. In
these constructs PBP-A truncated for the 92 finsina acids was fused to a myc-tag and a
His-tag, allowing cytoplasmic expression of thetpno and further IMAC purification. The
single and double mutant enzymes were prepared ukan Quick Chande Site-Directed
Mutagenesis kit (Stratagene), suitable construBPEA or PBP-A-LsgE), and LsgE-MisiN-
up and LsgE-MieiN-rp primers, ReoN-up and RQgdN-rp primers or ksgE-DigdN-up and
LisgE-DisoN-rp primers. The quadruple mutant enzymes werg@agsezl using the Quick
Changél Multi-Site-Directed Mutagenesis kit (Stratagen®BP-A-LisgE construct, and
MieiN-up, B6G/V, M1eiN and D2AG primers. Mutations were confirmed by sequen@hg
both strands on the entire gene. PBP-A and mutaerts expressed i&. coli and purified as
described previously (page 133).

Kinetic measurements. Kinetic parameters for benzylpenicillin hydrolysigre determined as
follows: k.ot was determined by following Penicillin G hydrolysat 232 nm. ¥Ks acylation
constants were determined from time courses of &ion of acyl-enzyme complexes of
[**C]-Penicillin G with the proteins, and the deadgatrate constant was derived from the

first order decay rates of thé*C]penicilloyl-PBP complex as previously describguhde
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107). Hydrolysis of thiolester substrates S2a, S##ej S2d was performed at 37°C and
monitored at 250 nm, withe = 2200 M.cm* °° %% ®! Kinetic parameters were determined
by fitting differential equations on the raw datadaising Excel solver.

Crystallization. The concentrations of the wild type protein andhef LysgE mutant used for
crystallization experiments were about 7 mg'mlith Hepes 20 mM pH 7.4 and EDTA 1
mM. The hanging drop vapour diffusion method wasduat 18°C. For the wild type protein,
the reservoir was filled with 500L of an aqueous solution containing Hepes 0.1 M7p5]
proline 0.2 M, PEG-3350 10% (w/v) and NaBl02% (w/v). The crystals used for acylation
were identical, but grown from a different reservoomposition: Hepes 0.1M pH 7.5,
ammonium acetate 0.2M, PEG 3350 25% (w/v) and ;N&aBR2% (w/v). For the {sgE mutant,
the reservoir solution contained Hepes 0.1 M pH &Mmonium acetate 0.2 M, PEG 3350
15% (w/v) and NaRl 0.02% (w/v). The hanging drop was composed qilLlof protein
solution mixed with JuL of the reservoir. In both cases, crystals withi¢dgl dimensions 0.15

x 0.15 x 0.10 mrhappeared after a few days.

Data collection. Before data collection, the crystals were soakeaffew seconds in a cryo-
solution similar to the mother liquor but contaimif% glycerol as cryo-protectant, and flash
cooled at 100 K. In order to study the acylatednfaf the enzymes, some crystals were also
soaked for one minute in such a solution contaipiegicillin G. All the diffraction data were
collected using synchrotron radiation at EMBL c/esp (Hamburg — Germany) on beam
lines BW7A or BW7B. Some statistics of data coll@estand processing are presented in
Table 1.

Data processing, structure solution and refinement. The diffraction images of the different
crystals were processed and merged with the XD$rano packagé? The crystals are
orthorhombic, space group 222; and are isomorphous, with four molecules in the
asymmetric unit. The structure solution was attemgity molecular replacement using the
data of the non-acylated wild type enzyme. A sef&tion function computed at 3.5 A
resolution indicated the presence of a non cryxgjediphic 4-fold axis along ¢, and as a
consequence two additional 2-fold axes in the &by bisecting the two crystallographic
axes. A native Patterson function showed a peaguoé translation at (0.00, 0.36, 0.50)
occurring because the non crystallographic 4-fokis ehas the same orientation as a
crystallographic 2-fold screw axis. After many uosessful attempts, the structure was
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PBP PBP—pen L 1s5E L158E-pen
Data collection
Space group R2.2; P2,2:2, P2,2:2, P2,2:2,
Cell dimensions
a (A) 87.79 87.69 86.61 86.58
b (A) 91.90 91.87 91.46 91.53
c (A 147.27 147.44 145.59 145.71
Synchrotron source EMBL c/o DESY Hamburg
beamline BW7B/BW7A BW7A BW7B BW7B
Detector type MAR345/ | MARCCD MAR345 MAR345
MARCCD
Wavelength (A) 0.8414/0.8874 1.220 0.8430 0.8430
Resolution (A)
Overall (ov) 39.2-1.9 24 -1.9 25-15 28 -1.7
Highest shell (hs) 1.95-190| 1.95-1.90| 1.54-150| 1.74-1.70
Measured reflexions 483112 304600 613414 414638
Unique reflexions 94191 91292 181250 126734
Completeness (%) ov/hs 99.8/99.7 96.7/88.2 98.2/99. 99.3/100.0
Rsym 0.079 0.053 0.036 0.040
I/o(l) ov/hs 13.9/3.8 17.3/2.6 17.6/2.3 16.8/2.6
Refinement
R factor (Rfree) ov 0.174 (0.213) 0.190 (0.245)0.179 (0.213)0.180 (0.218
hs 0.220 (0.298) 0.273 (0.346)0.245 (0.273)0.242 (0.285
Estimated overall coordinate
error (A) based on
Rfree 0.132 0.156 0.078 0.104
maximum likelihood 0.097 0.118 0.057 0.079
Limits (residue numbers) of
observed electron density
chain A 10-274 10 -274 11 -274 11-274
chain B 11 -275 10-274 10 - 275 10-274
chain C 6 —275 11 -274 10 -274 11-274
chain D 1-274 2-274 2-276 2-275
r.m.s. Deviation from ideality
Bonds (A) 0.015 0.016 0.017 0.015
Angles (°) 1.51 1.58 1.646 1.555
Number of solvent molecules 870 823 1527 905
of gycerol molecules 3 1
Mean B values (A)
Main chain 26.8 25.5 234 28.0
Side chain 29.1 27.7 26.2 31.0
Solvent 35.4 35.6 40.5 38.5

Table 16. Statistics of data collection and refieamn
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solved using the program PHASERwhich applies the maximum likelihood to molecular
replacement. A set of pre-aligned clasgfactamases was used as a model. Their Protein
Data Bank codes and the percentage of homology Widrmosynechcoccus elongafBP

are as follows: 1mfo — 32%, 1e25 — 31%, 1bsg — 26%m — 30%, 1i2s — 29%. PHASER
succeeded to orient and locate in the asymmetitdhnee molecules consistent with the non
crystallographic 4-fold axis. A fourth molecule wdiscovered by the programme FFFEAR

of the CCP4 suite (1994§. Electron density maps were interpreted usin® @d Coot’’.
After applying the NCS-phased refinement procedaveilable in the CCP4 suite, the
refinement was pursued with REFMAGE% Since all the structures are isomorphous, it was
possible to start immediately the refinement of titber structures, after some minor
adjustments. Solvent molecules were introduced HWYPAVARP ®°. Ordered glycerol
molecules were observed in PBP-AsE and PBP-A-LsgE-Pen. During the final steps, the
hydrogen atoms were incorporated in riding posgiand the mean-square displacements of
rigid bodies were refined, each polypeptide chaimdy defined as a different TLS group. At
the end of the refinement, the TLS contribution iaduded in anisotropic temperature

factors. Some refinement statistics are given ibld46.
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