Tentatives d’évolution de PBP-A en B-lactamase. Différentes

stratégies associant mutagenese et sélections

Les études cristallographiques de PBP-A et PBPAE. montrent qu’une stratégie
d’évolution rationnelle est limitée puisqu’il esffitile d’établir un lien entre la structure du
site actif de PBP-A et sa faible activité d’hydsdydess-lactames. Ainsi, nous avons établi
deux stratégies pour la construction de banqueswttants de PBP-A avec pour finalité la

sélection d’enzymes ayant acquis une activité pefyactamase.

La taille et certains résidus de la bouclkesont des éléments tres conservés chez-es
lactamases de classe A, et les alignements de reEmjue PBP-A avec cégslactamases
montrent qu’en plus de la délétion de six acidesnés) les résidus sont peu conservés au
niveau de cette boucle. La premiére stratégie emst da construction d’'une banque de

mutants avec une bouci2dégénérée, plus longue de 6 acides aminés.

D’autre part, les résultats encourageants obteaukaseule mutation du résidusgnous ont
amené a élaborer une deuxiéme stratégie. Si la thl la boucle2 compléte n’est pas un
facteur essentiel, quelgues mutations réaliséeP @& mutagénéisante suffiraient peut-étre a

créer une activitg-lactamase.

Deux banques ont donc été crées, et des séleationngo ont été réalisées dans un premier
temps. Ces premiéeres sélections n'ont pas permisalze en évidence de clones ayant des
propriétés recherchées. Deux nouvelles stratégieslors été mises en place. La premiére
stratégie consiste a sélectionner les enzymesraayleeux la pénicilline par phage display,
en utilisant une pénicilline biotinylée pour la tae. En effet, la vitesse d’acylation d’ufte
lactamase est 1@ois plus élevée que celle de PBP-A, il pourrainc étre important d’isoler,
lors d’'une premiére série de sélections, des maitzagables de mieux acyler la pénicilline. A
partir des clones sélectionnés, nous pourrions enée banque de deuxiéme génération par
shuffling et/ou PCR mutagénéisante suivi d'une ct&e in vivo pour activités-lactamase.
Plusieurs tours de mutations et sélections seraeantuellement envisagés. Un protocole

utilisant des incubations des clones des banqueghsiges avec de la pénicilline biotinylée
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pendant des temps courts nous a permis de séleetiales clones acylant aussi bien voire
mieux que la protéine sauvage. Deux clones issuhague type de banque ont été exprimeés
et purifiés, confirmant I'augmentation de la vitesd'acylation et nous permettant de
constater que la vitesse de déacylation basaléedeyme n’est pas altérée dans le cas des
mutants de la boucle.

La deuxiéme stratégie est la sélection de clonesitayne activité intermédiaire qui se
situerait entre celle de PBP-A et celle d'yhkactamase. En effet, on estime que pour pouvoir
conférer une résistance a une pénicilimeivo, I'activité de 'enzyme doit étre supérieure a
environ 10 &. L'activité de PBP-A-LsgE est de 1,42.10s', nous pensons trouver dans les
banques des clones possédant une activité 10 foisQflus élevée que I'enzyme mutante, ne
pouvant pas étre sélectionnésvivo. Afin de sélectionner ces clones, C. Claeys Borume
testé dans le cadre de son mémoire, une méthodeleetionin vitro utilisant le phage
display, et préalablement mise au point par F. G{irHin. Il a initialement validé la
méthode en montrant la sélection du mutaggd dans un mélange de phages PBP-A/PBP-A-
L1s¢E dans des proportions 90/10. Il a ensuite testéélnode de sélection sur les banques de
mutants de PBP-A, mais n'a pas pu sélectionner zgiees améliorées. Les résultats
suggerent que le bruit de fond di a I'accrochage specifique des phages sur le module de
capture utilisé est trop grand par rapport aux phagli seraient réellement sélectionnés. La
méthode nécessite d'étre affinée afin de diminuerbauit de fond. Ces résultats sont

€galement présentés dans ce chapitre.
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Abstract

PBP-A from Termosynechococcus elongatiss a probable DD-carboxypeptidase which
belongs to a family of proteins from cyanobactehnighly homologous to class #4-
lactamases. The main characteristic of this fanslya deletion of 6 amino acids in the
structurally and catalytically importan@-loop of class Ap-lactamases. Moreover, the
essential Gl is missing in this shorte®-loop. On the basis of kinetic and crystallographic
studies of the wild-type andidE mutant that deacylates the acyl-enzyme formedh wit
benzylpenicillin 90 times faster, it was suggedtet this family of proteins share a common
ancestor to class g-lactamases, and may be a good starting poininfertro evolution of
lactamase activity.

Since this protein scaffold seems versatile endaghttempting evolution into g-lactamase,
two libraries of mutants were created on phagenods, by introducing random mutations
along the entire {sE mutant (P library), and another by inserting geeerated cassette of
full-length 2-loop in place of the shorter one (L library).

Facing the failure oin vivo selections for ampicillin resistance, less amhgistrategy was
investigated. Besides improving the deacylatioe,rahe step further lactamase evolution is
increasing acylation rate. This was achieved ibyvitro selections using a biotinylated
penicillin substrate. Both library populations wenariched in mutants capable of acylating
benzylpenicillin at very low concentration. Expriessand purification of 4 mutants allowed
determining kinetic parameters. Penicillin acylaticate was generally increased for all
mutants, and activity towards thiolesters, that tgpecal DD-peptidases substrates, showed
activity decreases and specificity changes. A ttanalysis of the results is shedding some
light on a possible evolution path between PBP-A /atactamases.
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Introduction

Understanding the emergence of novel proteic fonstis nowadays a great challenge, and
engineering proteins that compete with natural dreesencountered only limited successes.
Though the evolutionary adaptability of enzymeotigh the Darwinian process of mutation
and selection naturally gave rise to proficient aploust enzymes, reproduction of this entire
evolution process in a laboratory remains a very task [1].

One of the best illustrations of this problem ig ttifficulty to find an evolutionary path
between two phylogenetically linked families of gmes, PBPs angd-lactamases. PBPs or
DD-peptidases are membrane bound enzymes invoivéadterial peptidoglycan synthesis.
They are inhibited by-lactam antibiotics by forming a stable covalenylanzyme with
these molecules. One of the most efficient defaneehanisms that bacteria developed for
fighting these antibiotics is the emergencesdactamases, which, through formation of an
acyl-enzyme that is hydrolysed extremely rapidhg, able to destrog-lactams. On one hand,
there are two classes of DD-peptidases of highlamdmolecular weight (H/LMW) each
subdivided into three sub-classes on basis of dogience alignments. On the other hand,
three classes of serigelactamases A, C and D (classpBactamases are metallo-enzymes)
are sharing with DD-peptidases a catalytic senm#heir active site and a similar mechanism
of action [2]. This functional similarity, togeth&rith structural homology highlighted by a
similar fold, and conservation of three consensemusences (SXXK, S/YXN and KS/TG),
indicate that these enzymes are phylogeneticaiketi, and that they have probably evolved
from a common DD-peptidase ancestor. In a moreilddtananner, it was proposed by
Massova & Mobasherthat the PBP ancestor gave rise to different PlBRs evolved in a
divergent way, and some subclasses of PBPs magidted to one class gflactamases [3].
Although catalytic residues are conserved, the nd#fierence resides in the absence of a
residue that may catalyse hydrolysis of the pdoiddenzyme in PBPs. The first reported
increase in a PBP deacylation was the result afist pnutation in R61 DD-peptidase which
is homologous to class £lactamases. Mutant ¥4 deacylated penicillin G 300 times faster
(kcap) than the wild-type protein, however, catalytii@éncy (k.a/Kn) was decreased by 200
times. This mutant could not provide vivo resistance to ampicillin [4]. One of the well
studiedp-lactamases TEM-1, belongs to the most widesprkesd @ S-lactamases. This class

of enzymes is characterised by éHoop of highly conserved length containing a ghita
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acid residue (Ghge), strictly conserved and essential for the caialytechanism, particularly
in the deacylation mechanism. Introducing an aspaih place of Phg, of PBP2x, spatially
equivalent to Glwgs in TEM-1, allowed increasing deacylation rate By Ximes [5]. On the
basis of this workPeimbert & Segoviantroduced further semi-random mutations and could
select clones foin vivo cefotaxime resistance. Among selected clones, Muotfains only
three mutations and has a deacylation rate inadefmseboth cephalosporin and penicillin.
Though ka: was in the same range for both antibiotics, cttagéfficiency was 10 times lower
for ampicillin, and this clone could not coniervivo resistance to this antibiotic [6]. Hence,
these results show the difficulty to evolve a PB® iaf-lactamase, especially when selecting
for penicillin resistance.

Recently, a new family of PBPs closely related lasg Ap-lactamases but containing a six
amino acids deletion in th@-loop and no equivalent residue to ghhas been identified. Of
these proteins, PBP-A fronTermosynechococcus elongatuas characterised. Activity
towards the peptidic substrate /AcLys-D-Ala-D-Ala was undetectable but it was very
active against thiolester substrates, suggestingt tRBP-A is probably a DD-
carboxypeptidase. Activity towargslactams showed PBP-A to be one of the fastest gmon
PBPs for the deacylation reaction with%2,3.10° s* at 55°C (optimalrermosynechococcus
elongatusgrowth temperature) and 1,55:16" at room temperature. PBP-AdE mutant
was generated by introducing a glutamate in plddeuzine 158 which is aligned with Glg

of class As-lactamases. This mutant showed a 90 times incirdgeand seven fold decrease
in acylation rate. PBP-A and mutant crystallisatelowed the enzymes to adopt the DD-
peptidase family overall fold, and an organisatofrthe catalytic site similar to class /A
lactamases.

This information suggests that PBP-A is a good whatd for evolution experiment towards
p-lactamase activity. For this purpose, two straegvere investigated for creating mutants
libraries from which PBP-A having acquired increasetivity might be selecteidh vivo. A
random mutagenesis strategy was investigated @tiogean error-prone PCR library along
the whole gene of PBP-A:;kdE. The second strategy was based on the assessimaent
natural catalytically activg-lactamases contain a 19 residd2toop that forms a side of the
active site, and is a critical element fhlactamases activity. Thi€-loop that can be defined
from residues 161-179 in class /Alactamases has been extensively studied [7, 8f€lh
invariable electrostatic interactions, a salt beidgetween residues Agg and Asprs,
hydrogen bonds between main chain carbonyl and eignioups of Aspys, and main chain
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amine and carbonyl groups of Gsirespectively, and interactions between g@and Lyss,
maintain the structural integrity of th&-loop, giving the good orientation to Gég for
activating a water molecule in the hydrolytic ddatign step. Another important residue is
Asm7o which maintains the hydrolytic water molecule fre tright position. To a less extent,
residue at position 169 is a hydrophobic anchanfaiaing a conserved hydrophobic residue.
Besides those highly conserved amino acids, the legth seems an important element for
the substrate selectivity, since engineered lactasavith longer2-loops or a natural SHV-
16 containing a pentapeptide duplication in tBdoop are enzymes with extended spectrum
lactamase activity [9, 10]. On the other hand, dhi/C-terminal part could support deletions.
Particularly, region 171-177 could afford completeletion while maintaining level of
ampicillin resistance only five times lower thanldviype TEM-1 [8]. Thus, our idea for
creating the second library was to engineerZdoop of full-length in place of the shorter one
in PBP-A, introducing variability at each positieach that the main represented amino acids
in class Ap-lactamases is present as well as the wild-type-RBBquence.

Construction of both libraries in phagemid allowasttherin vivo or in vitro selectionsin vivo
selections for ampicillin resistance on both lirarwere unsuccessful; and it was decided to
rather mimic natural evolution by evolving PBP-Atimo steps. Class A-lactamases are
characterised by both high acylation and deacylatiates. Though reasonable, PBP-A
acylation rate is 3 to 4 orders of magnitude loWvem in TEM-1, we thus investigated the
kinetic propensity of some mutants to acylate p#mc faster.

Phage display is a method that relies upon thatymf an entity (protein, peptide, or
antibody fragment) to be displayed on the surfdce ghage particle, creating a physical link
between the entity and its encoding gene. Thisn@olgy was first described b$mithin
1985 [11], and since then, numerous applicationselecting enzymes of high interest for a
desired binding property, or other characteridti@ge proven efficient [12]. Previous work on
a library of mutants of #-lactamase mutated in th€-loop allowed selection of highly
reactive PBPs: mutants of TEM{-lactamase displayed on phages were exposed to a
penicillin substrate conjugated to a biotin modiiat allowed phages capture on streptavidin
coated beads. Controlling incubation times and tsates concentration allowed selecting
PBPs with acylation rates approaching M's® that is only two orders of magnitude lower
than g-lactamases [13]. In this work, PBP-A mutants digptl on plll phagemid particles
were selected for fast penicillin acylation, usihg@ same strategy. After several rounds of

panning, the reactivity of randomly picked clonessvanalysed by phage-ELISA. Expression
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and purification of two clones from each librarypéted to measure kinetic parameters on
both benzylpenicillin and thiolester substratesirg new insights for the evolution of PBP-A

into apg-lactamases.
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Results

Display of PBP-A and PBP-A-L;ssE enzymes on phage

The efficient display of functional wild-type andutated enzymes is a prerequisite for ithe
vitro selection of enzymatic activities. In this studke first displayed both enzymes PBP-A
or PBP-A-Lis¢E in fusion to the C-terminal portion of plll (anainacids 249-406) on
filamentous phage. For this purpose, genes ofdatewvere cloned into the pHDi.Ex.Kan
vector, a kanamycin resistant version of the pHPMEctor [14]. The resulting fusion gene
encodes sequentially for the signal sequence OmRBP-A or PBP-A-ls¢E, a (His) tag, a
suppressible amber stop codon and the truncatédoptein. This construct is under the
control of two promoters, a strong promoter pT7 ckhican be used for protein
overexpression, and a promoter pLac, for basaleproéxpression necessary for phage
display. From these vectors, phages were produsiag standard procedures, and high titres
were obtained (> 28t.u. per mL in bacterial supernatants).

The display of PBP-A and PBP-Ad¢E on phage was tentatively analysed by western
blotting using an anti-plll monoclonal antibody [13 band of the size of plll was clearly
detectable, but not of the fusion protein, certaiie to the low display of the protein on
phages (results not shown).

However, the display and functionality of PBP-A d8P-A-L;s¢E was confirmed by phage-
ELISA, using a biotinylated penicillin derivativ®én-Biot, Figure 53) [16] and streptavidin

coated microtitre plates.
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Figure 45 : kinetic of acylation of PBP-A: fittediwe (cyan line) vs experimental dase)(obtained by ELISA
(using Pen-Biot).
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10° PBP-A infectious phages were incubated witH M Pen-Biot, reaction was stopped at
different times by addings-lactamase, and aliquots were submitted to ELISAterA
incubation of biotinylated phages in the streptavidoated wells, a peroxidase coupled to
anti-M13 antibody allowed relative quantificatior lbound phages at 405 nm. From the
equation d[ES] = (KKs).[S]p.d[E].dt an exponential curve dependent gfK& can be fitted
with experimental values obtained by ELISA (FigdE).

In this way, k/Ks obtained for PBP-A was 1,6181™.s* which is only 1,5 times higher than
the value found for acylation rate of PBP-A witmbeglpenicillin (Table 17).

kolKs (ML S ) ks (ST) Keat (S7)
PBP-A 1,07.10 1,55.10" 2,7.10%
PBP-A-L 15E 1,56.10 1,44.10 1,42.10°
TEM-1 8,4.1d 1500 ND
L-b 9.1¢" 1,64.10" 1,8.10%
L-t 1,33.10 1,4.10° ND
Ps.a 2,3.1d 8.10° ND
Po.17 >1.10 6,1.10° ND

Table 17 : kinetic parameters for hydrolysis of hdpenicillin at 20°C for PBP-A and PBP-AdE mutant (see
page 105) and four mutants selected for bettertiogl. k/Ks and k were determined indirectely usingC]-
Penicillin G and k; was determined directly following benzylpenicillivydrolysis at 232 nm. Constants for
TEM-1 are from [16].

This shows that PBP-A is displayed on phage andhesame behaviour with Pen-Biot than
soluble PBP-A with Penicillin G. ELISA performed ithe same way for PBP-ArbsE

showed no phages binding on streptavidin coatedidbé@sults not shown). This is not
surprising as at low benzylpenicillin concentragpthe higher deacylation rate of this mutant
on phage (concentration probably around 2*11) allows only 1% transient phage-enzyme
formation. Hence, the ELISAs experiments clearlgvshhat enzymes of activity comparable
to that of PBP-A are present on phages, gettingaoytdoubt on the protein display. For

PBP-A-L;s¢E, we assumed that it follows the same behaviotineasvild-type.
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Libraries design and construction.

We chose PBP-A-lsgE as the template for the construction of a randehole gene
mutagenesis scheme with the hope that a few motaticrease deacylation activity. Thus,
error-prone PCRGadwell & Joyce 1992) allowed creating two librarieg Bnd B with a
diversity of respectively 3,2.2@Gnd 8,65.19clones with an average of 5 effective mutations
per gene for P and 3 effective mutations per gene for Bf which around 35 % were
transitions. Randomly picked clones were sequenced showed the expected large
variability, and a good repartition along the setee

The most striking difference between PBP-A grdctamases is the size of tfixloop which

is strictly conserved in class A-lactamases, and is shorter in PBP-A. Following the
hypothesis that restoring a full siz2loop would help conferring lactamase activity tBFR

A, a full size loop was introduced by cassette memsis.
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Figure 46 : logo representation of the amino aeiaisations in the region of th€-loop in PBP-A proteins
family (a), in class Ag-lactamases (b), and in the theoretical (c) andenéd) libraries achieved at weblogo
websitehttp://weblogo.berkeley.ed{17]. Numerotation follows Ambler numbering schefh8].
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The cassette was designed such that the propafiovild-type and class A¢-lactamases
sequence is equal except in the region of the idalethere the insertion follows class/A
lactamases sequence, taking into account the edmtstrof the genetic code (Figure 46).
Exception was made at position 166 where a glutamwats imposed. Residues 153 to 165 in
PBP-A (161 to 179 in class A-lactamases) were replaced by a degenerated lod® of
residues, giving rise to the L library of 3,1°1€lones. Among sixteen sequenced clones,
seven had a deletion inducing a frame shift andréimeaining well constructed ones were
used to construct the logo presented in Figure ,46hdwing a sample of amino acids
represented at each position. The sequences olsarean agreement with the theoretical
sequence, indicating no important bias in the ¢ansbn of the library.

P and L libraries were amplified without addition gfucose, allowing expression of the
mutated protein at a basal level. Plating colomesagar plates indicated a heterogeneous
population with big and small colonies. Sequenahfig colonies in Plibrary indicated the
presence of mutations in the active site, and sexug in L library showed introduction of
stop codons at a higher level than theoreticallyeeked. However, these stops could more
often be suppressed to GIn. These observationsestigg certain level of toxicity of the
protein, certainly due to its activity towards pdpglycan. However, this toxicity is not
sufficient to prevent periplasmic overexpressionwiid-type protein in BL21(DE3) cells,

suggesting that the specificity of the proteinesy adapted t&. coli peptidoglycan.

In vivo selections.

At first, we assessed the presencénofivo selectable clones for ampicillin resistance in the
libraries. Two bacterial systems were used, the IBDE3) system which allows proteins
overexpression under the T7 promoter control; &edJM109 system which has the SupE44
phenotype, allowing the proteins to be expressetienphage display format, and under the
control of pLac promoter. Selections in BL21(DE3)der overexpression conditions may
increase the chances to select clones having sededeacylation rate. However, it did not
give any positive clones at concentrations of aifipicas low as 5 pg/mL. Selections in
JM109 cells permitted to select six clones with Bli@nging from 2 to 5 pg/mL (MIC of
JM109 expressing PBP-AréE mutant protein is around 1 pg/mL) in L libranhelabsence
of selected clones in BL21(DE3) may be due to stowiity inherent to the plasmid and/or
protein overexpression. It has been shown that BREB) cells growth is sensitive to pET
vectors and the effects are more or less seveienition of the protein overexpressed [19].

Selected clones in JIM109 host strain were retrams&fd and analysed. Sequencing of the best
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clone (MIC =5 pg/mL) showed a single deletion he sequence, resulting in a frame shift
giving rise to a truncated protein missing the Kim@Gtif. This kind of observation has already
been made, where polypeptidic fragments lackingerdgd elements of the catalytic
machinery are able to confer some ampicillin resise. Since ampicillin is susceptible to
hydrolysis by simple acid or base catalysis, it agposed that polypeptides displaying
appropriate groups may promote ampicillin hydradyesi low but detectable rates. In this case,
selections for lactamase activity may have to béopaed at ampicillin concentration as high
as 10 pug/mL to prevent this type of false positi\@8§. Two other clones with MICs of 2 and
4 pg/mL containing a well constructed long&¥loop were overexpressed and purified.
Catalytic activity was measured (see Annex 4),dauprisingly, there was no increase in the
enzymatic activity of these mutants compared to whild-type protein. This confirms the
previous hypothesis that clones below MICs of 10migmay be false positives. Another
conclusion from these selections is that both tibeado not contain clones featuringyk
around 1-10 § or above, since this is the minimal rate necess$aryprovidingin vivo

resistance (information from the lab).

In vitro selections-Model experiment

Previous studies on PBP-A show higher sequencestindtural homologies to class /A
lactamases than other PBPs. Hence, it was hopédotiearound of mutagenesis may be
sufficient for raisings-lactamase activity on PBP-A scaffold. Howeveregathe failure oin
vivo selections, the necessity to go through this ewsiuby smaller steps of activity
improvment was obvious. Therefore, we decided $b &®in vitro selection strategy which
theoretically allows the selection of weaker catedythan thein vivo approach. When
comparing PBP-A kinetic parameters with those @& Hest studied class A-lactamase
TEM-1, it is important to note that not only theadglation efficiency is low, but acylation is
also 4 orders of magnitude lower (Table 17). lruratit can be assumed that to evolvg-to
lactamases and following duplication, PBPs may haiut&lly acquired features favouring
acylation and probably overexpression, and thely tihhay have evolved towards better
deacylation. Hence, the selection of better aaydpéinzymes could be a prerequisite step for
the evolution of g-lactamase from a PBP.

For this purpose, we established a simple selegiiotocol allowing the capture of the faster
acylating phage-enzymes by rapidly incubating theymes with a biotinylated penicillin at
low concentrations, and capturing the labelled pbagith streptavidin coated beads. A

model experiment was initially performed: “L®BP-A or PBP-A-LséE phages were
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incubated with 13 M Pen-Biot. After 10, 100, 400, 1000 and 2000 selso the reaction was
stopped and panning of biotinylated phages on tstvefin coated magnetic beads allowed
their capture. After extensive washing of the pisaadsorbed by non-specific interactions, the
selected phages were eluted by reduction of Pen-@gulfide bond. They were finally
titrated by infection of af. coli TG1 culture in exponential phase. The resultssamvn in
Figure 47, though the binding efficiency of the gésiis low, due most certainly to the low
display of protein, the evolution of binding asuadtion of time is in quite good agreement

with what is expected.
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Figure 47 : model experiment for the capture ofgghanzymes over a 2000 s period of time. Theotitiahues
were calculated for 1.20phages and 10M Pen-Biot, experimental values were determinedh@ same
conditions, by counting the number of colonies étdel with phages from elution from streptavidinteokbeads
with DTT.

Wild-type phage is progressively acylated and sgbsetly captured, at a level much higher
than LisgE mutant. The restrictions of this selection protoeside in two aspects. First,
phage-enzymes that acylate and deacylate rapidlg@ing to be discarded, as illustrated by
PBP-A-LisgE. In our casein vivo selections showed that high deacylating enzymeaalo
exist in the libraries; hence, the objective ismaintain the basal enzyme deacylation rate
while increasing the acylation rate. The seconttict®n comes from technical limits. It is
impossible to manually mix phages and Pen-Biottaed adgs-

lactamase for stopping the reaction in less thased®nds. Hence, it will be a hard task to
increase the selection pressure over 10 secondkation with Pen-Biot.

Though P libraries were constructed for obtainingagority of clones that deacylate through

Eiss the rate of mutations and library size allowsaisxpect ~ 6.10clones and ~T0clones
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having Bsg mutation reverted for P1 and P2 libraries, respelst This is still rather high
diversity for exploring libraries acylation raten the same way for L library, thoughsgis
imposed, we expect that the loop can adopt manyoooations, some of which allow
acylation but not deacylation.

In vitro selections

Following the model experiment, five rounds of pagnwere performed in parallel with the
three libraries, incubating 1.X0phages with 16 M Pen-Biot, and decreasing the incubation
times from 1000 to 100 s during two first rounds seflection, followed by 3 rounds of
panning with 10 s incubations. A control selectioonsisting of an experiment without
increasing the selection pressure was achievedRyitibrary (P..c). A negative control was
performed during the™panning, incubating phages with benzylpeniciltistead of Pen-Biot
indicated that the capture of non specific elutbdges was very low. Thereafter, selected
clones from Ps and RB.s were mixed and this;HP, 5 pool (P) was subjected, as L-5, to four
other rounds of selection, decreasing the condémiraf biotinylated penicillin to 18 M,
with 10 s incubation times. Two parameters werécatdrs of the selections effectiveness.
First, enrichment in total phages after each roafnplanning was estimated using the elution
yield (ratio of infectious phages recovered onielubver infectious phages committed). If a
selection is working, it is expected that enrichmi@ntotal phages increases over selection
rounds. Enrichment in phages binding is clearlyeobsd after the "5 round and less
obviously after the @ round of panning (Figure 48), suggesting that seéection was
efficient. Second, the sequencing of clones atwleemain steps of the selection indicated a
profile of efficient selection with recurrent claé the different selected libraries after the
5" and 9" round of panning (Annex 5).
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Figure 48 : phages binding rate after each rounsetsction, a) at 10M in Pen-Biot and b) at 1M in Pen-
Biot. After 5" round, P1 and P2 are mixed in one fraction namaddPrepresented in purple in graphic b.
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Each clone that gave a readable sequence was tegikdge-ELISA, over a 2000 s period of
time and compared to PBP-A acylation. Six clonesnfleach non selected library were also
randomly picked and tested in phage-ELISA. The kahdesults that could be observed is
represented in Figure 49, where acylation curvediftérent clones were superimposed to
that of PBP-A indicating a relative rate of acyati This test could help us roughly
determining acylation rates as it is quite sensitiv the number of phages used during the

reaction (Annex 6).
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Figure 49 : typical results of a phage-ELISA. OD1@6 nm represents the concentration of acylateded) that
allows following acylation kinetics.

Clones were classified into three categories: reyfasing clone, low rate acylating clone (i.e
rate inferior to wild-type), and clones with acyhaf rate equal or superior to wild-type. The
results shown in Table 18 are in good agreemert thid enrichment rate and sequences that
predicted of a successful selection.

Concerning control £, one would expect that keeping an incubation timida Pen-Biot
constant over five rounds of selection, the nundfesluted phages is constant. However, it is
not the case, and binding rate falls after the fiosind, and higher binding is only observed
after five rounds of panning. It has been obsethatiin many selections, phages binding rate
decreases after the first round of panning, duggb non specific binding (information from
the lab). Also, the higher binding rate fos.dPafter the & round suggests that it has been
enriched in phages able to acylate, and i Better acylating clones may be under

represented. The analysis of clones by ELISA shinasfour clones over seven are acylating
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as well as or better than the wild-type enzyme ciiig the same proportion for P2 after five
rounds with increasing selection pressure. Henaghdr rounds of selection may be needed

for better representation of interesting clones

Number of testegl No acylation Acylation
phages <WT >WT
Native P1 6 6 - -
P1-5 16 - 2 14
Native P2 6 6 - -
P2-5 19 - 8 11
P2-C 7 - 3 4
P-9 14 - - 14
Native L 6 2 4 -
L-5 16 - - 16
L-9 17 - - 17

Table 18 : results of the phage-ELISA tests. Resar given for the three native libraries (P1aR@ L), for P1,
P2 and L libraries after 5 rounds of selections-$PP2-5 and L-5), for the control on P2 over 5masi of
selection (P2-C), for the mix of P1 and P2 librarad L library after 9 rounds of selection (P-€ &rD).

Sequences of selected clones in P libraries

When analysing randomly picked clones by phage-BLiisthe native P libraries, none of
them was capable of acylating, as expected regaiti@ libraries construction design. The
template used for these libraries was PBP-1AgE. mutant which features a high deacylation
rate and is therefore not captured efficiently dgrithe selections. After five rounds of
panning 100 % phages acylation could be followed st of them seemed to acylate as
rapidly or faster as the wild-type. After nine raignof selection, all clones were acylating at
least as efficiently as PBP-A. Regarding the segent was difficult to extract a consensus,
however, some mutations were found several timdsaam listed in Table 19. All sequenced
clones can be found in Annex 5.

Interestingly, 8 different mutants still featurgsg and have mutations either in tieloop or

at positions were residues interact witligfN;2sS and ¢F) (Annex 5, A). This suggests that
these mutations modify 6 conformation, that is probably not able to promdéacylation
anymore, and explaining the selection of these edoMNot surprisingly, many sequences
(16/24) have Glug mutated to either Gly, Val, Ala, Gln or */GIn, sm Esgis deacylating 90
times faster than wild-type and is therefore pocdptured (Figure 47). However, the reverse
mutation was often associated with one or severghtions, repeated among the different

sequences, suggesting a functional selection feyreas with increased acylation, stability,
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or ability to be displayed on phages. Those mutati@peated at least twice are analysed in

details and their location on the structure is shawfigure 50.

Acylation P2a Po.17
<WT >WT
Sep Leu
Sebg Asn
Glng; Leu Leu
Phey Val
Valss Glu Glu
Glugs Gly Gly/Vval Val
G|n103 LyS
Ashyge Tyr Tyr
lleiio Ser/Thr Ser
ASpyo3 - Val
ASny,g lle Ser
Phaus Leu Leu/Ser
Asnysg - Tyr Tyr
Gluysg Gly/Vval Gly/Ala/Val/GIn GIn
ASpiso Val Ala
Met;s1 Val/Thr
LySie2 Met Met
Glyie3 Val
Thryys Ser Ser
Asp,2 Gly Gly
Asps, Lys
Valyg; Ala

Table 19 : mutations found at least twice in thieted clones from P libraries. Sequences of &d RB.i;
overexpressed, purified and characterised clones.

Seng is found mutated into Asn twice, and in both casiess associated with a same set of
mutations: GlgsVal, Glusg*/GIn and MetgiVal. This position is not conserved among PBP-
A proteins family, and it seems spatially equivalén Asps of TEM-1 which is nor
conserved among class A-lactamases. This suggests that this residue isdirettly
implicated in the protein activity.

Glns; is a residue of medium conservation in PBP-A pnstéamily, suggesting that the role
played by this amino acid is not of high importaf@eprotein activity or structure. Mutation
GlnziLeu, located in a coil between hetix and strangd.y, is spatially equivalent to Gigin
TEM-1. In this latter enzyme, Gy side chain is orientated towards As@and they are
hydrogen bonded. A variant of TEM, named TEM-2 earg a GlgsLys mutation that results
in an enhanced Kfor penicillin when compared to that of TEM-1.Was suggested that
Lyssg forms a salt bridge with Glgy, therefore influencing protein stability and heactivity
[21]. In our case, the only contact of Glwith the rest of the protein is a hydrogen bond
formed with its side chain and main chain carbafylew,;. Mutating Glni; into Leu may not

influence that much the protein stability, and tmstation alone may not trigger the enzyme
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acylation. In both cases where this mutation isnéuit is associated with AggTyr
mutation. However, this residue is located in Bdoop, far from Gla;, and there is no
obvious link between these two mutations.

ValzsGlu mutation is repeated twice among the diffesaguences, and it is carried by clone
P, that was found 6 times over th& Bound of selection. It is located at the C-terrhierad

of helix a-2 that carries the catalytic serine, and is higldgserved in PBP-A proteins family.
Its spatial equivalent in TEM-1 is M@ a position which is not conserved within clasg-A
lactamases, however, a negatively charged resgdnevier observed at this place. It has been
suggested that acylation iBtretomycesK15 DD-peptidase occurs by activation of the
catalytic serine by Lys (equivalent of Lygs) with assistance of the dipole formed by hetix

2 and the polarized carbonyl carbon group of thessate [22]. This mechanism is fully
applicable to PBP-A, and introducing a glutamat¢hatextremity of this helix may change
somewhat helix dipole, influencing acylation.

A glutamate at position 96 was mutated nine timee Gly or Val, and once into */GIn
(suppressible stops are traduced into GIn). It opart of the 91-106 loop equivalent to the
TEM-1 100-115 loop and discussed previously (pdg.1t was proposed that Ghin PBP-

A is spatially equivalent to Gy, in TEM-1 though the hydrogen bonding network agth
residue was supported by AlaThe 100-115 loop in class glactamases contains highly
conserved residues, except at position 104, wherie a hydrophobic residue in A
lactamases over 18 [23], and an aromatic residukirwcarbapenemases [24]. Mutation
studies at this position showed that activity ta¥garexpanded spectrurf-lactams is
enhanced, and that breaking the H bond betweernp &nd Asns, induces a displacement of
the SDN loop, favouring the entry of cephalosporinsthe active site [25]. Another
observation was that hydrophobic residues at thasepincrease the enzyme,Kor all
substrates, and is often associated with multiplgatrons, particularly at position 164 and
residues situated downstream the KTG motif ¢gglyGlipao, Thrss) [23-26]. In PBP-A, each
time Glwe is mutated to a hydrophobic residue, it is assediavith mutations in th&-loop,
suggesting that it plays a similar role as thaygdaby Glygs in TEM-1. When mutated to
*/GIn, there is no amino acid mutated in tkizloop, suggesting that introducing a polar
residue at this position is sufficient for restgriracylation, may be by changing the
electrostatic field in the region of th2loop.

AsmsTyr was found twice. This residue equivalent toThof TEM-1 is not conserved as

well in class As-lactamases as in PBP-A proteins family and isas#td at the C-terminal end
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of the 91-106 (100-115) loop. Its main chain nigngatom forms H bond with main chain
carbonyl oxygen of Mgt There is no obvious consequence of changingatmisio acid to
Tyr, and this mutation does not seem to play alg/ ro

Mutation at llg;e, a residue situated on helix3 preceding the SDN loop and equivalent to
TEM-1 lle;,7, was found three times and was replaced by Serifi@reonine. A hydrophobic
residue at this position is highly conserved innbBBP-A and class A-lactamases families,
however, the role played by this residue and itghtmurs is versatile from onglactamase

to another. Random mutagenesis on TEM-1 showeg 4@ do not tolerate mutations and
lle;o7 could be mutated to Leu, Met, Ser or Val [27]. Bstactamase had a different
behaviour in tolerating mutations at position 125t not at 127 where Methionine was
suggested to play a structural role in maintairting helix integrity and the SDN motif [28].
Finally, the same kind of SDN disordering was swgge for explaining differences in
catalytic parameters of twglactamases frorstaphylococcus aureusffering in one amino
acid at position 128 [29]. Whereas in TEM }lehas only one contact with one residue of the
precedingu-helix, lle;1gin PBP-A makes two hydrogen bonds through its nchain nitrogen
and main chain carbonyls of Glg and Leu;7 the latter being also hydrogen bonded to
Aspios Hence, llgig may play a different role than in TEM-1, and may ibvolved in
stabilising the SDN loop. Its mutation might theref influence acylation.

AspizavVal mutation is found twice, each time associateith viGluisgVal mutation. This
residue is part of the highly conserved motif SDidttforms a wall of the catalytic cavity. In
p-lactamases, Sgpand Asns, side chains point towards the active site andrapdicated in
maintenance of the active site structure and thaelytec process respectively. Asp side
chain points in the opposite direction and is inedl in protein stability [30]. Its role in
protein stability is played through hydrogen bomdth main chain amino groups of several
amino acids at positions 108, 109, 132, 133 and[23B} Introduction of Glycine instead of
Aspartate introduced some floppiness in the SDIg ladffecting the protein stability. In PBP-
A, Aspiosis also at hydrogen bond distance of main chaimamgroups of residues 99, 100,
124, 125 and 126. However, mutation into Valinesdoet seem to destabilise the protein, but
it may induce slight movements in the SDN loop piang acylation.

Asnyogis equivalent to Asfgin TEM-1. This residue is conserved in all clasg-factamases
except in Per-1, and is higly conserved in PBP-étgins family. Through hydrogen bonds
formed with main chain atoms of G4 Asmzs was suggested to maintain the cis
conformation of the peptidic link between aminodacil66 and 167, thus ensuring a good

orientation of Glyss for deacylation [7, 32]. The same type of contdmtveen Asppg and
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Leu/Gluisg have been identified, introducing Serine instedAgparagine may break this
contact thus changing thi2-loop conformation and may be PBP-A acylation &ficy.

In place of Phg, on helixa-5, a leucine is found twice. This is a highly cemned residue
within PBP-A proteins family, and corresponds tause in TEM-1, though not conserved
within class Ap-lactamases, a hydrophobic residue is always folihis residue is situated
13 A far from the active site, and its potentidierm affecting acylation efficiency remains
unclear.

Asnyse is spatially equivalent to Aggy in TEM-1, it is highly conserved in class A
lactamaseg2-loop [3] and, as shown by crystallographic studi@3, 34], it forms a salt
bridge with Aspzo through its side chain. This contact has been sHoyvmany studies to be
critical for the loop conformation and hence foe throtein substrate selectivity [35, 36].
Asnyse is a highly conserved residue in the family oftpnes of PBP-A, although it points
towards the solvent and forms only two hydrogendsathrough its amide and carbonyl main
chain atoms with Asis carbonyl and amine side chain groups, respectivislynutation into
Tyr is found three times, including in a clone &et 9 times after thé"Found of selection
and five times after thé"@ound of selection. However, on the basis of thecture its role in
protein activity is not clear and it may influenoere the stability. In the same way three
other residues in th€-loop, Aspss Mets: and Lyss, are mutated to Ala/Val, Val/Thr and
Met respectively. The effect of these mutationsiast probably linked to the modification of
the Q-loop structure.

Thr,1s5 located at the N terminal end of straf8 is not conserved in PBP-A proteins family
and its equivalent Phg in TEM-1 is not conserved in class fAlactamases. It is directed
towards the solvent and mutated into the equivalesiiue Ser in terms of polarity, charge
and chemistry, suggesting that this mutation isafidtigh importance.

Finally, Asp2, was mutated to Glycine in two clones. This residgeivalent to Alggs in
TEM-1 is adjacent to the KTG motif and is involvedformation of the oxyanion hole, as
discussed previously (see page 159). It was ndtatl Asp,, main chain nitrogen formed
only a weak hydrogen bond withg@arbonyl oxygen atom of penicillin whereas thislin
class Ap-lactamases is strong. Aspforms a hydrogen bond with guanidinium side clhadin
Arg,49 Situated on the following strand, pulling downasid -3, and increasing the distance
between the polypeptidic chain and penicillin. Biag the H bond between Agp and
Arga49 by mutating Aspy, to Gly may help pulling up the strand, renderihg tnteraction
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with penicillin stronger. Moreover, the presenceaofarboxylate may be deleterious for the
interaction with penicillins by destabilising theyanion hole.
As a general manner, the mutations identified wecalised at putative hot spots for the

protein activity.

Figure 50 : repartition of the mutations along PBRtructure. Residues of the catalytic site ardceied in
yellow and mutated amino acids are indicated in kéuatated residues important for catalysis arerange.

Sequence of clones in L library

Concerning selections in L library, randomly picketbnes analysed by phage-ELISA
showed that two third of the initial library waslishble to acylate penicillin, though at a rate
inferior to the wild-type protein. After 5 or 9 rods of selections, 100% of the clones were
acylating penicillin at least as fast as PBP-A (€dl8). Logos created from sequences of the
selected clones after rounds 5 and 9 indicate coaisen of residues at each position along
the 2-loop (Figure 51), for easier understanding, Amblembering scheme is used.

The first observation is that there are few evohsiin the sequences between rounds 5 and 9.
Also, the sequence along tkizloop follows globally the constraints imposed by ttassette

composition. Only two variable residues in theiatitibrary are strictly conserved, i.e Arg
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and Asn;g A counter selection for leucine and the selectmmmany glycines seem to have

occurred at position 161. In the same way, manyagiare found at position 164.

a) Experimental naive library

4
3

=

G52

1GVDNWEPD¥uS ~Ck BN
~ —hm— = EXPDNMpH
u-;_-._.-_N-E‘__-— —— — =

- - - - - - = - " - = - " ™ - ™ - T T

4

3

o

" HWlE I

1 N v bV VNI—
LR b4 T

2Rl et =1 o] |

PR R LS S S R e e

Figure 51 : logos created from sequences of clfno@s naive library (a), library after five round$ selection
(b) and nine rounds of selection (c).

In class Ap-lactamases four residues are highly conservedsAIGluiss, ASn7o and Aspro
One highly conserved interaction among clasg-Ractamases®-loop is the salt bridge
between Argss and Asprg that confers its conformation to the loop for @ént penicillin
hydrolysis [31]. Mutations at Afgs or Asprg that break the salt bridge induce loop
disordering that helps the enzyme accepting motkylsubstrates, changing its specificity
profile in TEM-1 [36] and reducing activity in PGdctamase frons. aureug35]. However,
breaking this bond in TEM-1 is still compatible igfficient acylation of penicillin [16]. The
exception is Per-g-lactamase for which Asp does not form a salt bridge but only hydrogen
bonds with main chain nitrogen atoms of residue3 d6d 164 and main chain oxygen atom
of residue 164 [37]. In PBP-A&-loops, Asng, is strictly conserved, as in the natural context
of this enzyme. In the wild-type protein, this ckse is the C-terminal anchor of the loop and
makes several hydrogen bonds with the oppositadieghain, suggesting an important role
for loop conformation. A similar role might be p&d/in the mutants. Conservation of Awg

might be due to interactions possible with consgmesidues loop E/[gs or Ejgs.
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Though much conserved, Asawhich is important for maintaining the catalytiater in the
right position for deacylation is not strictly cemged in PBP-A sequences. This is not much
surprising as the clones were selected here fdatay that does not require the presence of a
water molecule.

Overall, these observations suggest that the ¢aslsas been well designed for creating a
structured loop, and many residue combinationseetite loop capable of adopting a suitable

conformation for acylation provided that Arg andnfe present at positions 178 and 179.

Mutants expression, purification and Rinetics.

In order to characterize some of the selected natahgenes from clones susceptible to
acylate faster than PBP-A were subcloned into pBRdD- vector, allowing proteins
cytoplasmic expression, and appending a hexahistithg at the C-terminus. Two clones
from P library, B.. which was found nine times and five times at tflead 9" rounds of
panning respectively, andq that only contained three mutations were kinelycal
characterised for benzylpenicillin and thiolesténglrolysis. The same parameters were
measured for L-b and L-t, two clones from the Lrdity that kept selected aftef @ound of
panning. Intriguingly, their sequences are quitesel with 14 over 19 amino acids in

common.

161 170 179
Lb 6 6 K R W E P E L N S V V P G N L R N
L-t G R D H W E P E L N A V V P V N L R N

Expression levels were quite similar to that of PBPRor all clones. Kinetics parameters with
benzylpenicillin are exposed in Table 17. Acylatas increased by 2 and more than 10
times for B, and R.17, respectively, whereas deacylation was slightlgrel@sed. Acylation
was also enhanced for L-b and L-t clones by 8 aadirhes, respectively. In the case of
mutants of tha2-loop, no decrease in, deacylation was observed.

Kinetic parameters with thiolesters were also mesabkand are listed in Table 20, substrate
S2a is a benzoyl-Gly-Thioglycolate, S2c is a behgdly-LD-Thiolactate, and S2d is a
benzoyl-DL-Ala-Thioglycolate. Results were diffetdretween P clones and L clones. It was
striking to observe that for both L clones, catalyfficiency for S2a substrate was not
affected due to compensation between large deciedseth k. and K,. As evidenced by
kinetics with S2c substrate, activity was impaiedthe preferred enantiomer but was not

affected on the other, suggesting a slightly demeaspecificity on the last residue. In the
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same way, specificity on the penultimate residues W@st as catalytic efficiency was

decreased for D enantiomer and some activity appdar L enantiomer.

S2a S2¢ S2d
X Y X Y
PBP-A  ka(s) >7,7 >6,6 >0,21 > 52 -
Km (MM) >3 >1,5 >15 >1,5 .
KealKm (M8h) 2,58.16 4,38.18 1,4.16 3,47.1¢ -
L-b Keat (S7) 0,173 >0,42 >0,26 0,367 0,0074
Km (MM) 0,08 >1,5 >1,5 0,85 0,85
KealKm (M™.8h) 2,16.16(1,2) 2,79.16(20) 1,71.16(0,7)  4,32.10%(100) 8,71
L-t Keat (S7) 0,252 > 0,47 >0,28 0,444 0,009
Km (MM) 0,12 >1,5 >1,5 0,76 0,76
KealKm (M.5h) 2,1.16(1,2) 3,15.16(15) 1,85.16(0,6)  5,84.10° (70) 12
Ps.a Keat (81 0,033 > 0,014 > 0,013 > 0,24 -
Km (MM) 0,32 >1,5 >1,5 >1,5 -
KealKm (M1.5%) 1,02.16 (25) 9,24 (400) 9,06 (15) 1,6.107 (200) -
Po.17 Keat (S7) 0,223 >0,45 0,048 >0,17 -
Km (MM) 0,754 >1,5 0,521 >1,5 -
KealKm (M1.5%) 2,96.16 (9) 3.1G (14) 91,4 (1,5) 1,13.10% (300) -

Table 20 : kinetic parameters of selected clone37a4€C determined at 250 nm. Note that for cloge;Rvith
substrate S2d, an initial deviation was observed diid not correspond to hydrolysis of one enangégnand
fitting was made ignoring this deviation. Also, igity of P,_, with S2c was very slow and %2 arbitrary. Finally,
values obtained for Lb and Lt with substrate S2cewted over 6 parameters and may be impreciseréase
in catalytic efficiency compared to wild-type isdinated for each clone and substrate in parenthbkise
deleterious effect is indicated in bold.

P,.a and R.17had decreased catalytic efficiency with substré&e, Sue to a large decrease in
kcat that was not compensated by the decrease,jrPK;7 being more affected. With S2¢; P
catalytic efficiency was even more decreased f@nxntiomer and slightly for Y enantiomer,
resulting in altered specificity. Clone.P catalytic efficiency was also decreased for S2c¢c X
enantiomer, however, specificity change was novtsaous. Finally, catalytic efficiency for
both clones was decreased for S2d hydrolysis aadifgpty maintained. Globally, substrate
specificity was changed and stereospecificity vedaxed for all clones.

Finally, it was interesting to assess the propgrdithe protein to support mutations without
disturbing its stability. PBP-A is a thermostabletgin as indicated by the midpoint for
denaturation in GuHCI, measured by loss of fluorese at 20°C on a fluorimeter, that is
around 2 M. This is quite high compared to thet firansition of TEM-1 (0,8 M) for its
denaturation [38]. Both 2 and RB.;7 mutants were as stable as PBP-A ([GukCH 2 M),
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whereas clones Lb and Lt had largely decreasedistabith [GUHCI]so0f 1 M and 1,1 M,

respectively.
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Discussion

Structure activity relationship of selected clones with penicillin

Two libraries were created by error-prone PCR, gistiBP-A-Lis¢E as a template (P library)
or by insertion of a degenerated cassette of 1@@utids in place of PBP-A 16 amino acids
Q-loop (L library) in order to generate higher raié penicillin deacylation on PBP-A
scaffold. Preliminaryn vivo selections were unsuccessful and a strategy instejgs where
acylation is improved before acylation was startafter five and nine rounds of phages
panning at increasing levels of selection pressalenes were sequenced, activity was
assessed by phage-ELISA, and four of them wereesgpd and kinetically characterised. On
the basis of phage-ELISA results, clones could beumed into two categories: those
acylating slower than PBP-A (negative clones) anhdsé¢ acylating as rapidly or faster
(positive clones). After nine rounds, selected ekwere 100 % positives.

In P libraries, numerous residues were mutatedoth lcategories of clones: Val Glug,
ASMgg, lle11g, Aoz, Phays, ASpieo, Thiis and Aspz,. Two types of reasons may explain the
differences in activity though the same kind of atigins is found. First, experiments were
only performed once for each clone and one clonedch set of repeated clones was tested,
false negatives may have appeared. Second, thedfypeutation is sometimes different
between negative and positive clones. This is #se ¢or three positions, Gval, Phe.Ser
and GlysgAla/GIn are mutations found only in positive clon&mally, mutations are often
synergistic and it is not the mutation itself buded of combined mutations that may provide
the selected functionality.

Two P-clones were chosen for expression and madeglelk kinetic studies among positive
clones that seemed to acylate faster than PBP-A ppage-ELISA. We chose to assess the
real activity of clone R, that contained three mutations in t2doop while conserving Gldg
combined to Glgn mutation. We also wanted to test the effects adnaall number of
mutations, R17 harbouring only three mutations of which the repéaGlwgVal and the
interesting GlysgGIn was the second candidate.;fPacylated penicillin twice faster than
PBP-A but deacylated twice slower. The constanésnat greatly changed and we suggest
that besides the acylation rate, other factors dikeeffect of protein stabilisation, or higher

level of expression enhancing the protein displaghinbe the reasons why the protein was
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found repeated several times at each round of tsledutations around th&-loop may
revert the effect of Ghygs and restore a slow deacylation. Which of the othetations is
responsible for 2, selection remains unclear and would necessita¢etéd mutations of the
residues. On the other wayg 2 acylated penicillin G more than 10 times fasted an
deacylated 2,5 times slower. These parameters are imeresting as it can be suggested that
Gluisg mutation into GIn is responsible for restoring cavldeacylation rate, and higher
acylation may be due to the longes¥ mutation. Hence, it may be interesting to stuldg t
effects of each Ghgval and LeusgGIn mutations on acylation to check whether fggnvalgs

or both are responsible for the high rate of aaytat

L library was constructed on the assessment tlea@ttoop in class Aj-lactamases contains
residues involved in catalysis and maintenanceheftopology of the active site. Whereas
penicillins fast deacylation is only possible irs@egquence frame compatible with a certain
loop configuration, it was shown that fast acylatice possible when some of these
interactions are broken [13]. Deletion of PBP€Aoop showed to decrease slightly acylation
rate and increase by three times deacylation (age p24). Hence, the loop in its wild-type
form was not an essential feature for penicilliaatevity, and when introducing a longer
degenerated2-loop, it was expected that conformation of some heops could induce
changes in the penicillin hydrolysis mechanism. ldweer, in vivo selections could not
provide efficient clones, and instead we selectedliones acylating faster. It is interesting to
note that the naive library contains a great priopoiof clones still able to acylate penicillin,
and five rounds of panning were sufficient to enmrithe phages population in mutants
acylating as fast or faster than PBP-A. Sequenttinge clones revealed that several residue
combinations are amenable for efficient pencillaylation. Two of them were expressed and
purified, and kinetic parameters determination stva large increase in acylation, while
deacylation remained at wild-type level. A saltdge may exist in this loop, between the
strictly conserved Argg and one other conserved loop residue, ky/Dr Eie6 Indeed, in the
case of mutants selected for acylatiags[Ean adopt conformation where it is not required to
play a catalytic role. Asng is also strictly conserved, and this may be rdlabeits role of C-
terminal anchor for the2-loop. It may be interesting to determine kinetargmeters of
clones with sequences different from L-b and L-ho#her interesting element would be
obtaining crystals of one of the two clones for Igsiag the loop conformation and the

consequences on the protein catalytic site.
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Structure activity relationship of selected clones with thiolesters

All four purified clones show different reactivitpwards thiolesters than PBP-&-loop of
clones from L library seemed to adopt a confornmatioat altered specificity on both D-
alanine. The effect was more pronounced for theufbemate D-Ala as catalytic efficiency
was more decreased, though an increasenindald be observed. Moreover, these two clones
become able to hydrolyse the L-enantiomer of SZuhessing a relaxed specificity.

As a general manner, catalytic efficiency for clefi®m P library was more affected for all
substrates, and specificity relaxing was obsereedsPc substrate but not for S2d. Decrease
in catalytic efficiency was particularly marked fg.17 with substrate S2d. As stated earlier,
this clone contains only three residues mutated, divwhich being close to the active site.
Gln;ss mutation probably affects the catalytic mechanismhydrolysis by bringing an
uncharged polar side chain in the active site, vawethere is no apparent link with the
residue in penultimate position. Simulating th@\Emutation with Swiss-PdbViewer 3.7
indicates a putative hydrophobic and steric obstéitat could be the origin of the marked

effect on the penultimate residue of thiolestehileiting a D-methyl group (Figure 52).
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Figure 52 : view of the catalytic site surface @dHRA acylated with benzylpenicillin (green), hydhabic
residues are represented cyan, and catalytic sgglteav. A. PBP-A catalytic site with Glu96 closirtlge cavity.
B. simulation of the mutation E96V, the hydrophot#sidue prompts a steric clash with benzylpenicill

However, this is only a simulation that can giveid®a of what is occurring, as it does not
take into account possible movements of other vesidthat could be induced by this
mutation. Further crystallisation and structuredstsa may shed some light on the real effect

of this mutation on the active site, as well fotenaction with thiolesters than with-

lactamases.
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Implications for PBP-A evolution to B-lactamase

Two libraries were tested for the vivo selection of mutants having acquirgdactamase
activity. Both failed, andn vitro selection for better acylating mutants was ingadéd.
Though the libraries were originally designed feadylating rapidely, it was possible to find
interesting clones.

Conservation of the2-loop is an important functional feature for clasg-lactamases. For
PBP-A, two ideas were contradictory. On one hanajysof a mutant of PBP-A with deletion
of the ©-loop showed no great impact on PBP-A activity. the other hand, structural
alignments with p-lactamases showed a conserved conformation of sti@ter loop
corresponding to the N-terminal part of clasg-Ractamases loop and shaping one side of the
active site. Hence, it was interesting to assesstiven changes in th@-loop of PBP-A, in
length and/or amino acids composition could moduldite protein reactivity towards-
lactams. This was achieved selecting better acgationes in the L library, indicating that
the loop can actually be an element for evolutibiPBP-A to S-lactamases. Both mutants
expressed and purified showed decreased staliitgineering ofStaphylococcus aureus
PC1 lactamase with a delet€floop had an impact on residues 236-244, the fotigvioop
and g-strand. The structurg-loop-# unit was perturbed to the extent that Akga residue
important for substrate binding, was not orientaginaore towards the active site. Finally, it
was suggested that th@-loop restricts the position of thg-strand, preventing it from
occupying the space needed for substrate bindi@§ Bence, the region downstream the
KTG seems closely dependent on the conformatioth@f2-loop. Introducing a larges2-
loop in PBP-A may have an impact over this regidnthe protein. Further evolution
experiment may thus rely on introducing random rens along this region.

Massova & Mobashery proposed that for PBPs to evtbys-lactamases, PBPs may have
acquired some penicillins hydrolysis capability l@hmaintaining their original peptidase
activity, and then they may have lost this ability optimise their lactamase function [3].
Here, we propose that after duplication of one P&k copy loses its function related to
peptidoglycane maintenance, while increasing aiylatowards f-lactams. Hence, this
protein will capture the antibiotic that would kes$ available for inhibiting DD-peptidases.
This view of evolution is strengthened by the prtips of all four expressed clones that
feature higher loss of activity on substrates thatiate better the peptidoglycane in that they
contain a D-methyl group in the penultimate positi®.;7; clone moreover containsydy
mutation. It has been argued that one of the straicelements for evolution of PBPs e
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lactamases is the loss of ability to accept thehghegroup of penultimate D-alanine,
concomitant with loss of capability to bind peptiticane [40]. B.17 clone adopts this type of
scheme with largely increased acylation rate fanzighoenicillin while decreased catalytic
efficiency for thiolester substrate, particularipen D-alanine is the penultimate residue. The
hypothesis based on simulation ofg¥& mutant (Figure 52) is that this lone mutation is
responsible for these activity changes and couldabeimportant mutation towards-
lactamase evolution. These hypotheses remain teobérmed by study of site-directed

mutagenesis mutantgdgQ and kgV.
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Materials and Methods

Chemicals and antibiotics. Penicillin G and 1'C]-Penicillin G were purchased from Sigma.
Ampicillin was purchased from Applichem, and kanaimywas from Invitrogen. Biotinylated

penicillin (Pen-Biot, Figure 53) was prepared ascdbed [16].
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Figure 53 : substrate used for the selections. dericilline module, and Bt = biotin module contaigia
disulfide bridge.

Oligonucleotides were from Eurogentec, with “up’t feense primer and “rp” for reverse
primer:

PhDiex-up: 5TTGTGTGGAATTGTGAGC3’

PhDiex-rp: 5’CCCCTTATTAGCGTTTGC3’

PBP-A cassette:
5'CACAGTTTCAGGAATGAAGACTTTACGSKNNI9KRAOMRTI88GAG77TKGANTNG
6997KRNNNNK77K88KRANNNKMSRRATACCACCGTCTTCGG3I’

Primer Cassette: 5CTCGTAGTCGCAACCGAAGACGGTGGTZ

PBP-A Sall: 55 GCGTCGACACCCGCTCCTGAGGCAC3

PBP-A Hindlll: 55 GAAGCTTATAGGCGGCGAAAGTTT3Z

PBP-A Bbsl-5-up: 5’ GGCTTAGAAAATACGGTGTCTTCAATCCGCECCGGY
PBP-A Bbsl-5-rp: 55CCGGCAGCGGATTGAAGACACCGTATTTTCAAGCCS

PBP-A Bbsl-3'-up: 5’CCGGATATGAAGGGAAGACACACCACCAGTCCY

PBP-A Bbsl-3'-rp: 55GGGACTGGTGGTGTGTCTTCCCTTCATATGCEG3

PBP-A-up: 5TCGCCATGGCCGCTCCTGAGGCACCY

PBP-A-rp: 55CGTTCTAGAGGCGGCGAAAGTTTCZ
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WithR=(A,G)-S=(G,C)-K=(G, T)-M=(K£)-B=(T,C,G)-D=(A, T,G)-H
=(A,T,C)-V=(G,A,C)-N=(A,G,C, T)—6(90% A, 10% B) — 7 = (90% C, 10% D)
-8=(90% G, 10% H) —9=(90% T, 10% V).

Bacterial strains. A total genome extract athermosynechococcus elonga&R-1 was used
as a source of DNA for PCR amplification of th&1ll5 geneE. coli TG1 was used for
libraries construction as well as phage displagaains.E. coli BL21(DE3) was used fan
vivo selections and mutants periplasmic expression. Top(Invitrogen) was used for
standard subcloning procedures as well as for nmtamoplasmic expression.

Construction of vectors. To construct our library, we used a derivative loé tpHDi.Ex
phagemid vector (a kind gift from Pr P. Minard, Ugisité de Paris-Sud, France) where the
ampicillin resistance gene was replaced by the rkgoa resistance gene [14]. This was
achieved by cutting pHDi.Ex and pET-26b vectordbglll andBspLU11] ligating the 1603
bp fragment from PHDi.Ex with the 1903 bp fragmigatn pET-26b, transforming in Top 10
cells and selecting for clones resistant to kanamggving rise to pHDi.Ex.Kahvector. We
also introduced an OmpT leader sequence d&dllaloning site for the gene of interest. For
this purpose, pHDi.Ex.Kdhand pET-12a were digested witdel and Sall, the 3498 bp
fragment from pHDi.Ex.KanR was ligated to digesp#ir-12a, and transformed in Top 10
cells. Clones able to be cut bAwrll integrated the OmpT sequence and were named
pHDiI.Ex.Kar.OmpT. Hence, cloning betwe&all andHindlll allowed protein periplasmic
expression with a histidine tag.

PBP-A-pHDi.Ex and PBP-A-lsgE- pHDIi.Ex were constructed by cloning PBP-A andPPB
A-LiséE genes in the phagemid vector. PCR was perfornsed tprimers PBP-A Sall and
PBP-A Hindlll and the purifiedT. elongatuschromosome or PBP-A:kE/pBAD as
templates. In this waysall andHindlll restriction sites were added at the 5’ and 3’ teriof
PBP-A or PBP-A-Ls¢E genes. The amplified fragments were then clomethe pGEM-T
Easy cloning vector (Promega). DNA sequencing cor®d the correct nucleotide sequence
of the PCR product. In the final construct, PBP+Al #BP-A-LsgE genes were cloned in the
pHDiI.Ex.Kar.OmpT vector.

PBP-A-Bbsl was created by inserting in a sequemtiahnerBbsl restriction sites in both
sides of theR-loop encoding sequence using the Quick Chan§ée-Directed Mutagenesis
kit (Stratagene). PBP-A-pHDIi.Ex was used as a tatephith PBP-A Bbsl-5-up and PBP-A
BbsI-5’-rp primers for introducing mutation at tbeend of theQ-loop and PBP-A BbsI-3'-
up and PBP-A Bbsl-3’-rp primers for introducing mtibn at the 3’ end of th@-loop.
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Some interesting clones were difficult to expresthwHDIi.Ex vector and were cloned in
pBAD-Tet vector as explained in Chapter 1 underévlats and Methods.

Construction of libraries by error-prone PCR. A random mutagenesis library was
constructed by error-prone PCR using Mn@hd MgC} essentially as described [41]. 30
samples with 10 mM dCTP and dTTP, and 2 mM dATP &@dP were prepared in water
and mixed with 10 mM Tris, 50 mM KCI pH 8,3, 7 mMd@l, and 500 nM MnGl 150
pmole of primers PhDiex-up and PhDiex-rp, 150 néBP-A-L;sgE-pHDI.EX, and 5 units of
Taq Polymerase (Roche) were added in a total mastolume of 50 uL. Samples were
subjected to 1 cycle of 4 min at 94°C, followed3fycycles at 94°C, 1 min; at 50°C, 1 min;
at 72°C, 1 min, followed by a final extension ofrhih at 72°C. PCR fragments were purified
using a High Pure PCR Purification Kit (Roche) aadovered in a final volume of 750 pL.
DNA was cut with Sall and Hindlll, purified with @quick PCR purification kit and cloned
into pHDi.Ex.Karf.OmpT vector cut with the same enzymes. 100 pLigdtibn were
electroporated by aliquots of 10 pL in 100 pL TGdctocompetent cells and suspended in
900 pL SOC. After 1h at 37°C, 180 rpm, 9 mL of LEdum supplemented with 50 pg/mL
kanamycin were added to each sample and bactema grewn ON at 37°C, 180 rpm.
Bacteria were centrifuged and resuspended in 10LmLsupplemented with 50 pg/mL
Kanamycin. 1,2 mL were used for preparation of mids using High Pure Plasmid
Purification Kit (Roche), the remaining bacteriarev&rozen at -80°C in 20% glycerol.
Constructing this library, a bias was introducedlasng bacteria growth, proteins expression
was not repressed, and counter-selection for wagiroteins may have occurred. Hence a
second library was prepared as described abovepsgul % was added for overnight
bacterial growth, repressing protein expressioneurglac promotor. The first library was
named P and the second,P

Construction of alibrary by insertion of a cassette. For annealing the single stranded cassette
to its primer, 12 pg of PBP-A cassette were mixeth\88 pg of primer cassette in 20 mM
Tris pH 7.8, 2 mM MgGland 50 mM NaCl, and subjected to heating 10 mir8acC, cooled
below 37°C and put on ice. For polymerisation, ating reaction product was mixed to 1,25
mM each dNTP in 1 mM DTT, 8,8 mM Mggland 20 mM NaCl. 6 units of T4 DNA
Polymerase (Roche) were added and sample was wdjecthe following cycle: 10 min at
4°C, 10 min at 20°C, 40 min at 37°C and reactiors w@®pped by cooling to 4°C. Double
stranded cassette was purified on 15% acrylamide ejeted in sterile mQ water and
subjected to phenol chloroform purification andagibl precipitation. DNA was cut witBbsl

(Roche), digested fragment was purified on 15%laorile gel, eluted in sterile mQ water,
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and precipitated with butanol and washed with Edha@d %. It was cloned into PBP-A-Bbsl
vector cut with the same enzyme, and electroporatias performed as described above for
P..

Phage preparation. Phages libraries were prepared fromt®10G1 cells from the libraries
glycerol stock and grown to exponential phase i@ 4. LB supplemented with 50 pg/mL
Kanamycin and glucose 0,1 %. At this time, bactergie infected by 20 R408 helper phage
per bacteria, incubated 30 min at 30°C and and@@enin at 37°C, 80 rpm. Infected bacteria
were centrifuged 5 min at 4500 x g. Pellet was spsaded in 500 mL LB with 50 pg/mL
Kanamycin and incubated overnight at 37°C, 180 rgdm.recover the phage particles,
bacteria were centrifuged 10 min, 4000 x g, 4°GheBnatant was transferred to a sterile tube
and phages were precipitated 1h at 4°C with 1/%dme of PEG/NaCl (20% PEG 6000, 2.5
M NacCl). Phages were centrifuged 15 min, 14000 4°@,, resuspended in 20 mL TBS (130
mM Tris, 140 mM NaCl pH 7.5), and filtered througt¥5 puM. Phages were subjected to
another PEG/NaCI precipitation and suspended ina ¥Yolume of 1 mL TBS. The number
of infective phage particles was determined by liating phages with an excess of
exponentially growinge. coli TG1 cells for 30 min at 37°C and plating them incilagely on

LB agar containing 50 pg/mL Kanamycin. The conaaidn of physical phage particles was
measured by absorption spectroscopy [42].

Wild type phage and selected phages from the lésavere prepared as above, one isolated
colony was used to inoculate 10 mL LB. After infent bacteria were transferred to 200 mL
LB for an overnight culture at 30°C.

Western blotting. A total of 1¢ or 10 infective phages were denatured by heating 10 t@snu
in presence of 15 pL of reducing SDS-sample buamples were loaded on a 10% (w/v)
polyacrylamide gel, separated by electrophoresid @ansferred on to a nitrocellulose
membrane (Bio-Rad). The membrane was blocked w8 Buffer containing 5% w/v milk
powder and proteins were detected with an anti-ptiurine monoclonal antibody
(MoBiTech) followed by a secondary anti-mouse HRRtglgG antibody (Sigma). The
peroxydase activity was detected by electrochemilastence using an ECL kit from Bio-
Rad.

Phage-ELISA. 1,2.13° PBP-A phages were suspended in 1200 pL PBS comggitG’ M
Pen-Biot. Aliquots of 100 pL containing 1phages were removed at different times. 5 pL of
solubleg-lactamase fronBacillus cereugSigma) were added and samples were frozen on a
mix of ethanol and dry ice. At the end of the sangl aliquots were transferred to a
streptavidin coated microplate (Roche) first blatkeh at RT with PBS containing 2% w/v
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milk. After 15 min incubation RT, bound phages wereealed with a horseradish peroxidase
conjugated anti-M13 monoclonal antibody (MoBiTedmd detected at 405 nm using ABTS
as a substrate (Sigma). All steps were interspebgethree washes with PBS containing
0.05% Tween-20. For the negative controls, phagésotinylated penicillin were not added.
In vivo selections. An amount of plasmid prepared from the librariesl aepresenting 10
times more than the size of the library was usettansform BL21(DE3) allowing proteins
overexpression and JM109 cells allowing proteinssabaexpression. BL21(DE3)
transformants were plated on agar plates contaifing 10 pg/mL ampicillin supplemented
with 50 pg/mL Kanamycin and 1 mM IPTG for protewmeoexpression. JM109 transformants
were plated on agar plates containing 2.5, 5 op@OGnL ampicillin supplemented with 50
pg/mL Kanamycin. The minimum inhibitory concentoais (MIC) for the selected colonies
were determined by a dilution method on LB agatgslaat 37°C, with inocula of 10-30
colony forming units dispensed in 7 pL drops [4Bhe plates contained ampicillin at
different concentrations plus kanamycin at 50 pg/mL

Model selection experiment for better acylating enzyme. 10° to 10° PBP-A or PBP-A-LssE
phages were incubated with™1® biotinylated penicillin in M-TBS 1% (TBS supplemted
with 1% of milk) in a final volume of 1,5 mL. Aliqats of 250 pL were taken at 10, 100, 400,
1000 and 2000 s, and reaction was stopped by addifi 5 pLp-lactamase fronBacillus
cereus(Sigma) at 10 U/uL, such that the remaining freeigllin is hydrolysed in a few
seconds, and frozen on a mix of ethanol and dry 20epuL of streptavidin coated beads
(Dynabeads M-280, Dynal) were presaturated 1h WiiBS 2%. Samples were thawed at
room temperature, and incubated on beads 30 mia wheel. Beads were washed 4 times
with T-TBS 0,05 % (TBS supplement with 0,05 % of&em 20), and once with TBS. Beads
were resuspended in 1 mL TBS and phages were eitad60 mM DTT. The number of
phage particles was determined by infection.

In vitro selection for better acylating enzymes in the libraries. For each round of selection,
2.10” infectious phages were incubated with biotinylgpedicillin 20° M in a final volume

of 500 uL M-TBS 1%. After 1000 s for the first ralyil00 s for the second round and 10 s
for three other rounds of selection, reaction wapmed and selection was accomplished as
described in the model selection. Eluted fracti@swsed to infect 9 mE. coli TG1, 100 pL
were used for titrating and the remaining bactemae plated on LB agar supplemented with
50 pg/mL Kanamycine and glucose 0,1 %, and incabaternight at 30°C. The colonies
were pooled by washing the large plate (23 x 23witf) 5 mL of LB supplemented with 50

pg/mL kanamycin and 15 % glycerol. 500 uL of baatevere used for plasmid extraction,
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the remaining cells were stored at -80°C. Phage® weoduced for the further round of
selection as described above.

Expression and purification of selected clones. 4 clones from selection for better acylating
enzymes were cloned in pBAD vector and were expressid purified exactly as described
under Material and Methods in chapter 1.

Kinetics. Determination of kinetic parameters for peniciltnand thiolesters was as described
under Material and Methods in chapter 1.

Denaturation study. To a 2 mL solution of purified protein at a contcation around 3 M in
Hepes 20 mM, EDTA 1 mM, pH 7,4 were added progvesgil00 pL drops of GUHCI 6M.
Fluorescence spectroscopy was performed on a CARWdE fluorescence spectrometer
(VARIAN). Upon fluorescence signal stabilisationtliviemission measured at 340 nm (280
nm excitation), one drop was added. That alloweasttipg fluorescence intensity versus
GuHCI concentration. The midpoint of the curve deiaed graphicaly was the concentration

of GUHCI needed for half denaturation of the protei
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Complementary study: selection for phages acylating 100 to 1000

times faster

C. Claeys Bouuaert

Introduction

Evolving new enzymes catalysts requires creatiodagje mutants’ libraries, and robust
techniques that allow capturing the mutant with ttesired characteristics. Selection of
enzymes for their catalytic properties is oftenamdhtask. Unless the enzyme possesses an
activity that gives the bacteria growth advantageother types of phenotypes easily
detectable byin vivo methods, researchers need roluasvitro techniques that may help
selecting the desired enzymes [44]. Many reseascigempt to circumvent this problem by
creating new technologies applicable to every lohadnzyme. One of the most promising
technique is based oim vitro compartmentalisation system where all the machkirier
proteic expression of one mutant is contained ra@plet. A fluorogenic substrate of the
enzyme is also introduced in the droplet, allowssgection of the most active enzymes by
FACS [45]. The major drawback of this techniquethat it supposes the use of a flow
cytometer associated to a FACS, that is expensigdenan standard laboratory equipment.
One famous technique used for enzymes selectiphage display [46]. Though it is easier to
select mutants that bind a specific ligand, mutdiné$ are catalytically active on a specific
substrate are still difficult to isolate by thisbamique. F. Chang-Pi-Hin developed a technique
applicable to catalytic machineries that involvecaalent intermediate enzyme-substrate. In
the case off-lactamases for example, inactive enzymes arealiyitblocked by the natural
substrate of the enzyme, the acyl-enzyme of theacines are then trapped by adding a
biotinylated substrate and rapidly denaturing theyene using GuHCI. Biotinylated phages
are then captured on a streptavidin coated suppadh a kind of technique was applied on a
model system comprising the R61 DD-peptidase aadrhtant Ws3S known to deacylate 80
times faster. This selection method based on cogetection of phage-enzymes deacylating
slowly by penicillin G and trapping of phage-enzyntbat are capable of turning-over was
assessed on a mix of R61/AA5 mutant in proportions 90/10. Acylation rate oagé was not
tested, however, it was assumed that it was ctofieetvalues for the free enzyme/k¢ = 13
000 M*.s* for R61 and ¥Ks = 30 M*.s? for Wa3sS [4]. Using the rate constants for acylation

and deacylation, it is possible to simulate nunadiyathe evolution of acyl-enzyme
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and biotinylated acyl-enzyme of each protein, depenon the concentrations of penicillin G
and biotinylated penicillin used, and the timesirafubation. This allowed determining the
appropriate concentration of penicillin and asseciancubation times required to capture
preferentially the most active mutant. One roundsefection was sufficient to enrich
significatively phage population in mutant enzyme.

To confirm the efficiency of the method, selectohPBP-A-LissE was tested on a mix of
phagemids containing PBP-A and PBP-A4# in 90:10 proportions. The selection could

then be used for selecting better deacylating msifarP and L libraries.
Results

Model selection experiment for better deacylating enzyme.

Numeric simulations were achieved in order to deiee the appropriate parameters for
capturing PBP-A-LsgE phagemid in a mix of mutant and wild-type PBP-Aages. In the
protocol used, I8 phages were incubated with @01 of penicillin G for 400 s, allowing
counter selection of wild-type enzyme, followed imgubation with 1 M biotinylated
penicillin during 60 s. Reaction was stopped byitaid of 4 M GuHCI, previously shown to
denaturate completely PBP-A and mutant at concigorisaas low as 3 M (page 216). Phages
were then submitted to a PD10 desalting columretoove the excess of Pen-Biot, captured
on streptavidin coated magnetic beads and elutedh \is protocol, the theoretical

enrichment factor is calculated to be 30.

o Model experiment
m  Control without Pen-Biot
O Control without Pen
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Figure 54 : histogram representing the pourcentdfdsound phages determined by titration of the nemrdif
phages committed and eluted and calculation ofrdtie of phages eluted over phages committed &feh
round of selection, using FoM penicillin G, 10" M biotinylated penicillin and 4 M GuHCI.
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Three successive rounds of panning were achievedigr to enrich the population of phages
in mutant. To determine the binding specificity,aghs committed (IN) and eluted (OUT)
were titrated. The proportion of bound phages vedsutated thanks to the ratio OUT/IN. For
each round of panning, controls were achieved withotinylated penicillin or penicillin G.
The results presented in Figure 54 show the ewwiudf the number of bound phages over the
different rounds of panning. After th& 8ound, the proportion of phages increased up tp 1%
as expected if the population is enriched in PBB:&E. Controls without Pen-Biot were
each time lower than the experiment, and repreenbinding background, which is quite
low. Finally, controls without PenG were supposedgtve each time a higher yield of
binding. However, it is always slightly inferior the experiment, giving some uncertainty
about the efficacy of the selection. The secondrmftion was the analysis of plasmidic
DNA proportion from PBP-A and PBP-A:b. After each round of panning, bacteria
infected with the eluted phages were grown and tmeglasmid extraction. Restriction of the
plasmids by EcoRI and BspEl that cut both vectors and only PhDiex-PBP-AgE,
respectively, was used as a control to evaluateulatity of each plasmid and hence of each
phage at the end of the panning. Analysing thensitg of bands at 4000 (wild-type) and
3000 bp (Mutant) allow to observe that the proportdf PBP-a-ksgE phages increases after
each round, and after th& 8ound, the population contains mainly mutants (Fégs5).

Round : Round : Round :

~ PBP-A
«  PBP-A-LisE

Figure 55: 1% agarose gel analysis of the mix ledigemids DNA before panning (IN) and after panning
(OUT). Infected bacteria were amplified ON, plassnidere extracted and digested wEtoRlandBspElL PBP-

A DNA was only cut byEcoRIgiving one band at ~4000 bp whereas PBP14H was cut byecoRlandBspEl
giving two bands at ~3000 and 900 bp. ProportioRBP-A over PBP-A-Ls¢E is decreased after each round of
panning.
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For each round, the enrichment factor was estimatednd three. Though positive control
for phages binding did not work as expected, comtipasanalysis of the population of phage
is a good proof of the effectiveness of the methidtkoretically, the population may have
been enriched much better after each round of pgniiihis may be due to fact that phages

are sticky.

Selection for better deacylating enzymesin thelibraries.

Selections within P (a mix of P1 and P2 in equalrdity) and L libraries consisted in two
rounds of panning using the same conditions as faethe model selection, allowing the
population to be enriched in enzymes deacylatinfastsor faster as PBP-ArigE, and three
rounds of panning increasing the counter selediipansing higher penicillin G concentration
(10° M) in order to enrich better the population in gés deacylating faster than PBP-A-
L1seE mutant.

After the 8" round of panning, an enrichment is observed irh Hitraries (Figure 56),
however when a control of binding was assessedowithiotinylated penicillin, the ratio
between specific binding over non specific bindimgs only 10 for P library and 5 for L
library. This suggested that the number of reattyva clones within the library is mixed with
unspecific clones. Few clones from both librariesrevsequenced to assess whether a

consensus could emerge.
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Figure 56 : evolution of phages binding on strejgliavbeads over the five rounds of panning for gsafjom P
and L libraries. Counter selection was increase®f aound of panning.
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Twelve clones from P libraries were sequenced @al). The average mutation rate found
in the selected clones is 2 per gene, a bit lowat what is observed in the library (5 for P
and 3 for B).

Clone Mutations
Py =LissE -
P, VoA QuoR / NiesS / Ro7iS
Ps Q2H / EundlG
Py TooS / R71S
Ps Qael / TesA/ V114M [ RoaH
Ps LaadF
Ps SP / Kizg* (UAG)
Py QuodH / RS
Pu Kizd / EgseK
P13 L1gsH
P14 G46S | SeR
Pis AsH / EgV / LiR

Table 21 : mutations found in 12 clones randoméked after B round of panning in P library.

No consensus mutations were found and wild-type-RBRsgE sequence was found once.
21 different mutations were found, 9 mutated posgiare common to mutations found in
clones selected for better acylation, and threddmmeatical mutations, @H, EggV and NgsS.
When looking at the repartition of the mutationsng the three-dimensional structure (Figure
57), it is striking to observe that only two muteis at positions 96 and 165 approach the

active site.

Figure 57 : repartition of the mutations along P8Rtructure in the native P2 library (a), in betsmylating
clone (b) and in selected clones for better deéioyldc). Note that for b, only mutations at leespeated twice
are indicated Residues indicated in yellow are eorexd residues of the active site, orange onesnatated
residues of the active site, and red ones are etltaisitions.
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Hence, clones selected are those bearing few ronsathat do not seem to affect the enzyme
activity. To try understanding this phenomenon, alisdtions studies were made considering
a mix of enzymes containing PBP-A, PBP-Asd and a virtual mutant deacylating 10 times
faster than PBP-A. With the enrichment obtainedhia selection model, nine rounds of
panning would be necessary to enrich the populativirtual phage. This information, taken
with the sequenced clones suggest that the popnlafi clones after 5 rounds of panning
contains essentially phage-enzymes having the $gpeeof activity than PBP-A-s¢E. Pis
and B were the only mutant containing mutations closetlte active site, P was
overexpressed and purified. The estimatggvkas 3,38.18 s*, which is twelve times higher
than PBP-A and only four times lower than PBP-AgE. This straightens the hypothesis that
clones have activities close to that of the mutant.

Analysing nine sequences after tH2rbund (Table 22) of selection on L library allowtxd

create a logo for the sequence in voop (Figure 58).

161 170 179

Le V V N S
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L, G L N R E Q DV NSE V P G K S R D
L, V L DS L E P DL NSRWUPGI KV R D
Lo V F DS CE P E VNJSGCRGIKF T N
L, 6 L bR CE P DVNSGV P G D I R D
L G ¢ KR GE T DI NSV G P G E VR N
Ls V V E S W E L E L NSV R P G NIRRT D

Table 22 : sequences of 9 clones selected forriogteylation.

No sequence was recurrently found, however, the lpwed identifying besides Gl

three strictly conserved positions, Agh Sef71 and Gly7s Other positions showed marked
preferences for particular residues, Val and Glgaaition 161, Arg and Ser at position 164,
Asp at position 168, Pro at position 174 and Argadition 178. The high conservation of the

residues suggests that a functional selection oedur
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a) Experimental naive library

Figure 58 : sequences of nine clones indHeop after five rounds of panning, and logos froaive library (a),
clones selected for better acylation aft8r@und (b) and clones selected for deacylation (c).

Three clones were expressed and purified. Cloreand Ls present sequences where all
favoured residues are present. Their catalytividigtivas roughly determined to be as slow or
even slower than PBP-A. Another intriguing obsapratn the sequences was the presence of
cysteins in four clones, of whichyd_that contained two cysteins. This clone was thel th
expressed, and-kwas roughly estimated to 1,4:16" which is five times faster than PBP-A
and ten times slower than PBP-AstE. Other clones containing cysteins were not preduc
however, their presence is interesting becausgliage proteins are exported to the bacteria
periplasm which is an oxidant environment unfavbledo free cysteins. Moreover, clong L
contains a sequence very close to one that wasdfoaura library off-lactamase clones
mutated in the2-loop and selected with a biotinylated suicide ltor with a similar spacer

arm (Figure 53). This clone had the following setse

163 170
Clonefrom[13] D R C E P D V N V
Ly D R CEWPDV N S

The clone isolated byanwestwinkel & alhad catalytic activity of 34 Though free

cysteins are generally not tolerated in the pesipia space, selection of catalytic antibodies
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with a reactive cystein was possible by phage dispi two cases, and it was suggested that
the the cystein was buried to prevent oxidation @#8]. This suggests that clones containing
free cysteins may have been selected for reactitigthe disulfide of biotinylated penicillin
by thiol exchange, as would have occurred for thetamase isolated with the suicide
inhibitor-biotinylated substrate. However, no cyssewere found in P libraries selections for

better acylating enzymes, though similar subsirete used.

Discussion

This work aimed at answering two questions: Is tiethod based on counter-selection by
natural substrate followed by selection with a ibidated substrate and denaturation
applicable to another system than R61-phages? pessible to apply this technique to a
library of mutant and target a range of enzymesngaa determined activity?

Using the system selection for selecting PBP-+AdE in a mix of wild-type and mutant
enzymes allowed answering the first question. Thotlge selection method was not as
efficient as expected since enrichment was lowewas capable of selecting the most active
mutant. Further step to prove the efficacy wouldtdepply the technique to a completely
different system from PBPs were formation of a ¢enacomplex enzyme-substrate occurs,
such as an epoxide hydrolase system that involeesation of a hydroxyl alkyl-enzyme
intermediate [49].

To answer the second question, the selection pybteas applied to two libraries of PBP-A
mutants generated by error-prone PCR (P librard) laninsertion of a degenerated cassette
in place of PBP-AR-loop (L library). Enrichment was observed afteefrounds of panning.
Sequencing of twelve clones from P library indidateat PBP-A-LsgE selected proteins
contained less mutations than that observed imalige library and were far from the active
site. Kinetic analysis of one clone containing niotes close to the active site showed an
activity slightly smaller than PBP-A3ksE. This suggests that the population of enzymes is
constituted mainly by clones having similar activdis PBP-A-LsgE. Further expression and
characterisation of some clones may be necessaagdertain this hypothesis. Moreover,
simulations studies based on the model experinteowad that more rounds of panning may
be necessary for active phages enrichment.

Concerning L library, though sequencing showed eoration of several residues in tki2
loop, the low difference rate between specific andpecific binding and presence of many
cysteins suggest that the selection might haveroaddior non specific binding to Pen-Biot or

to the streptavidine coated magnetic beads. Expressid characterisation of three clones
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indicated one clone to have 10 times enhanceditycthan PBP-A, but no catalytic activity
was better than PBP-A:bE mutant. Finding a clone containing a cystein aviuch
sequence is very close to one found in anothectseteinvolving a suicide inhibitor with the
same Bt module raises the hypothesis that some<lbave been unspecifically selected. To
assess this hypothesis, it would be necessarydokcthe binding of phages using only the
biotin module of Pen-Biot. If the results showedhbinding in these conditions, an issue for
efficient selections would be the use of anotherigkin substrate, in alternation with Pen-
Biot. One clone showed 10 fold higher deacylatiate than PBP-A, which was encouraging
as L library is most probably composed of high nemiif PBPs (see page 205).

Regarding evolution of a PBP with greatly enhancapacity of hydrolysing penicillin G,
nothing can be concluded at this time of the expent, as other rounds of panning with

protocol adjustments are necessary.

Material and methods

Model selection experiment for better deacylating enzyme. A mix of 90:10 PBP-A and PBP-
A-L1sE phages for a total number of *{0nfectious phages were incubated with 1 puM
Penicillin G in TBS in a final volume of 100 pL. t&f 400s, an aliquot of 50 pL is taken to
which is added biotinylated penicillin oM to a final volume of 100 pL. After 60 s, reactio
was stopped by addition of TBS, GUuHCI 4M to a fivalume of 500 puL. Sample was
subjected to desalting on PD 10 column (Amershareequilibrated with 25 mL TBS,
GUHCI 4M. 20 pL of streptavidin coated beads (Dwats M-280, Dynal) were presaturated
1h with M-TBS 2%. 1 mL fraction from the desalticglumn, containing the phages was
incubated with the beads 30 min on a wheel. Beads washed 4 times with T-TBS 0,05 %,
GuHCI 4M, and once with TBS, GuHCI 4 M. Beads wessuspended in 1 mL TBS and
phages were eluted with 50 mM DTT. Eluted fractvees used to infect 9 mE. coli TG1,
100 pL were used for titrating and the remaininfpated bacteria were grown at 30°C
overnight in 100 mL LB supplemented with 50 pg/man@amycine. Phages were produced
for the further round of panning as described exghevious section .

The proportion of wild-type versus mutant phagesla¢de assessed by preparing plasmids
from 10 mL of the overnight amplification of bagteinfected with the eluted fraction using
plasmid purification kit (Roche), and analysing tiestriction pattern obtained witGcoRlI

andBspElenzymes.

239



Selection for better deacylating enzymes in the libraries. Biopanning experiments on the
libraries were performed essentially as descrilpethé previous section. 160 10" phages
were submitted to selection in each round of papnmthe conditions determined in the
model experiment. After three rounds of panningynter-pressure selection was increased by
using higher penicillin G concentration (10). Infected TG1 cells were plated on agar
plates supplemented with 50 pg/mL kanamycine. Tolenies were pooled and used to

produce new phages.

Expression and purification of selected clones.

4 clones from the selection for better deacylaBoryme were expressed in the periplasmic
space ofE. coli BL21(DE3). Clones of interest were grown in 1ditf Luria-Bertani broth
medium supplemented with kanamycin 50 pg/mL at 373l the Asoo reaches
approximately 0,6. The temperature was loweredf@€3and protein production was induced
by addition of IPTG 1 mM for 2h. The culture waswwéuged at 4,40% g for 10 min, the
harvested cells were resuspended in 33 mL 20% seicr80 mM Tris-HCI pH 8
supplemented with 1 mM EDTA. After 10 min incubatitme at room temperature with
shaking, cells were centrifuged 10 min, 4400 x°¢;.4Pellet was resuspended in 50 mL of 5
mM cold MgSQ and incubated 10 min at 4°C with shaking. The suwgtant obtained by
centrifugation at 15,00& g for 10 min at 4°C was the periplasmic fractiérotein was
purified by IMAC as described under Material andthels in chapter 1, with 20 mM Hepes
instead of phosphate in buffer A.

240



Annexes

Annex 4 In vivo selections

In vivo selected clones sequences are indicated withrilated MIC:

153 154 155 156 157 158 159 160 161 162 163 1645 1666 167 168 169 170 171MC

pog/mL
Li- V L N S W E A D F N *Q V C S A D M R D 4
L G L N S w E P E L N *IQ D G P G N T R N 2
Ls G \% D H G E P D L K S \% C P G D | R D 2
Le G | N S w E P D \ N L | G R G K G R D 2
Le G \Y D N w E L D F N K | A P G N \Y R D 2
Lo G | N N W E P E L | L L F L \ M F R 5

Ly clone contained a deletion resulting in a sequédranee shift. L 163 position where a
suppressible stop is present was mutated into Glorder to allow expression in a non
suppressive strain and both clones were clonedhe @gBAD vector for cytoplasmic
expression. Hence 14*165Q and g were overexpressed and purified. Kinetic pararsetere

measured directly at 232 nm for determination efitfy; and indirectly by incubation with 2

1M [*C]-benzylpenicillin for determination obKs and 10 pM for k

ka/Ks (MT.sT) ks (sT) Keat (S7)
L 1-* 163Q ND 1,8.10% 3,7.10°
Lg 8,9.10 3,5.10° ND

Explanation for selection of clones with samg &s PBP-A-LsgE may have come from the
level of enzyme saturation if the enzymes haveetfit k/Ks. Indeed, if we consider;lof
1,4.10% s* for both enzymes, and/Ks of 1,56.16 M™*.s* and 18 M™.s* for PBP-A-Lis¢E
and a putative clone, respectively. At concentraod antibiotic of 2 pg/mL, the putative
clone will be 97,6 % saturated whereas PBP1AH will be 38 % saturated, hence for the
same ky, the putative enzyme hydrolyses penicillin 2,6 ésmfaster. Even at ampicillin
concentration of 4 pg/mL, PBP-ArddE is only 52 % saturated and the putative cloné 98,
thus twice faster. However in our case, both amalyslones showskas low as wild-type

PBP-A, suggesting these clones to be false positive
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The following two primers were from eurogentec.

PBP-A L-*163Q-up: 5’GCTGATTTCAACCAGGTCTGTTCTGCGGY

PBP-A L-*16:Q-rp: 5’CCGCAGAACAGACCTGGTTGAAATCAGC3

L1 clone was subjected to site directed mutagenssigy PBP-A L-*155Q-up and PBP-A |-
*163Q-rp primers, and Quick CharngeSite-Directed Mutagenesis kit (Stratagene). Then L
*163Q and L8 were cloned in pBAD vector and were exggdsand purified exactly as

described under Material and Methods in chapter 1.

Annex 5 : sequences of clones from panning aftenae 5 and 9
Sequences in L library
Sequences of clones afté? found of panning using TOM biotinylated penicillin are shown

in Table 23.
161 170 179

a Vv F N S W E L D I N * I N P V D P R N
b G G K R W E P E L N S v v P G N L R N

c G v N H W E P V N S T V G D T R N

d R M N N W E S F I \% G N M R N
e \% L N N R E S F S M W K H R N
g R G N S R E L \% G G G D V R

[ \% F N S W E P D L N T v S P V D V R N

] G S E N W E T E V N S M R A G N V R N
k G c D H C E P D L N S M W P G N V R N
| G F N R W E P D L K S I vV V. G D W R N
m G G D R W E P D V N S v VvV P G N L R N
n> R L DL G S R R L I L W F L G | W N

(o] G vV N H W E P E V S S G S P V N P R N
qg V v K H W E P D V Y * R ¥y P G K H R N

r \Y F D R R E P D V K Y V. W | G N F R N

t G R b H W E P E L N A v VvV P V N L R N

Table 23 : sequences of clones in L library aftérdund of panning.

Coloured sequences are those that show bettertiaoyl@equence Ln containing a one
nucleotide deletion is found twice.

Sequences of clones aftef gound of panning using oM biotinylated penicillin are in.
Some sequences are the same than found at L-5thendame name was used in L-9.
Sequence 4,pis found four times and sequence L-t is found éwic

In each case, stops are suppressible ones.
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161 170 179

b G G K R W E P E L N S v v P G N L R N

J G S E N W E T E V N S M R A G N V R N
3 G S D R W E P E L N S S v P V N L R N

5 G vV N N W E P F S V S P VvV D V R N
6 R F N H S E P E V S R R P W D V N
8 G G D R W E P E L N Y | vV P G N L R N
9 G G N R W E P F S V. T N L R

10" G L N H W E P E H * G G vV N | R N
11 VvV L K R W E P E F N S I F Q G K V R N
> G R D H W E P L N A Vv VvV P V N L R N
17 G L E N R E T I S VvV | S VvV L R

18 G I N N W E P E V N S A S P Vv D Y R N
20 R F N H W E P E F N S | S P V D Y R N

Table 24 : sequences of clones in L library after@und of panning.

Sequences in P libraries

Consensus motifs are in red, and residues frontxh@op are green. Grey sequences are for
clones presenting low rate deacylation. Clones f&8hmound have simple names;.Br P,
selection control is 2 and clones from"@round of selection are;PClones R; was found 6
times at round 5 and then disappeared, Wwas found 8 times at round 5 and 4 times at round
9, and R, was found 9 and 5 times, respectively. Clonesctassified as clones without
reversion of ksg (A), clones with bs and Bsg mutated (B), and the others (C). Stops are

suppressible ones, that give Gin.
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1 MPAPEAPTST LPPERPLTNL QQQ QQLVSR QPNLTAGLYF FNLDSGASLN VGGDQVFPAA

K L

o
g8Q*" >3
<
—

61 STI KFPI LVA FFKAVDEGRV TLQERLTVRP DLI APEAGTL QYQKPNSQYA ALEVAELM T

w2
g8RQ* >3

F *

121 | SDNTATNM | DRLGGAAEL NQQFQEWGLE NT TTSPR DLATLMLKI G

w2
8g8Q*" >3

181 QGEI LSPRSR DRLLDI MRRT VTNTLLPAGL GKGATI AHKT GDI G VWGDA GWDMPNGQR

w2
88K " >3

H

241 YVAAMWKRP YNDPRGSELI RQVSRWYQA FEKLSPP

o
88K " >3
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1 MPAPEAPTST LPPERPLTNL QQQ QQLVSR QPNLTAGLYF FNLDSGASLN VGGDQVFPAA

-a
-b P QN
-g N
- L
-17
61 STI KFPI LVA FFKAVDEGRV TLQERLTMRP DLI APEAGTL QYQKPNSQYA ALEVAELM T
a G *
b Vv
-g \Y
c7 G
17 \Y
121 | SDNTATNM | DRLGGAAEL NQOQFQEWGLE NT TTSPR DLATLM.KI G
a L G
b * \
-g * \Y
cr S G T
.17 *

181 QGEI LSPRSR DRLLDI MRRT VTNTLLPAGL GKGATI AHKT GDI G WGDA GWDMPNGQR
a
b
-9
c7
-17

241 YVAAMWKRP YNDPRGSELI RQVSRWYQA FEKLSPP
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1 MPAPEAPTST LPPERPLTNL QQQ QQLVSR QPNLTAGLYF FNLDSGASLN VGGEDQVFPAA

U
D
~T — — o

Po. 13 E

61 STI KFPI LVA FFKAVDEGRV TLQERLTMRP DLI APEAGIL QYQKPNSQYA ALEVAELM T

)

NN eE
~N T T T Qo

m

121 | SDNTATNM | DRLGGAAEL NQQFQEWGLE NT TTSPR DLATLMLKI G

ST

<
<<roo>»

181 QCGEI LSPRSR DRLLDI MRRT VTNTLLPAGL GKGATI AHKT CGDI 3 VWGDA GWDMPNGQR

d
[
[
Pap
7
Po. 13

241 YVAAMWKRP YNDPRGSELI RQVSRWYQA FEKLSPP

-p
-0
P cs
-d
-1
-1
-p
-7

PQ- 13
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Annex 6 : effects of the number of phages in phagESA
Phage-ELISA was tested at different concentrationBBP-A phages: 18 phages (a), 0
phages (b) and f(phages (c). When using f0phages, the signal saturation induces an

apparent effect of higher acylation rate as showithe graphs were modelisation is in pink

and experimental data are blue diamonds.
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